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FOREWORD

A study to determine the feasibility of using reinforced plastics for
primary structure of Army Aircraft was conducted by Hayes International
Corporation under Contract No. DA 44-177-TC-756 for the U. S. Army Trans-
portation Research Command, Fort Eustis, Virginia. The contract was
initiated in July 1961 and was concluded in January 1963.

The program was conducted under the direction of Mr. J. N. Daniel, Chief
of Systems and Equipment Division; Mr. J. E. Forehand, Chief of Aircraft
Components and Accessories Branch; and Mr. E. R. Givens, Project Engineer;
Aviation Directorate, USATRECOM.

Principal Hayes engineers were L. R. Anderson, Project Engineer; C, L.
Anker, R, S. Brown, A. E. Dietz, V. E. Morrow and R. B. Wysor - Analysis;
C. B. Reymann - Materials and Processes; P. T. Howse - Test; J. F. Daven-
port, R. A. Holder and A. M, Smallwood - Design. The program was under
the technical direction of B. A. Reymann.

Government and industry sources of information are credited in the text
or are noted in the list of references. Special recognition is given
to Summit Industries for the fabrication of test specimens, to Hercules
Powder Co. for supplying technical data on filament winding, and to
Minnesota Mining and Manulacturing Co. and Bloomingdale Rubber Co. for
adhesive bonding and testing.

No specification for plastic materials are included in this report; trade

names for plastic materials have been included for the sole purpose of
identification.
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SUMMARY

Recent advances in the technology of reinforced plastics have produced
composite materials which have strength properties equal to those of heat-
treated steel with weights approximately the same as magnesium, These
materials have been used quite extensively in nonstructural parts for
aircraft. Recently their use in secondary structural applications and
some primary structure has steadily increased. The objective of this
program was to determine the feasibility of using reinforced plastics in
highly stressed Army aircraft structures and components by design studies
and the fabrication and testing of reinforced plastic specimens. This
document is the final report of the investigation. It contains the re-
sults of the design studies, the results of all tests, conclusions, and
recommendations.

Requirements for the pertinent structures and components were established
to insure compliance with applicable specifications, criteria, and Army
directives. Design studies of various components were then accomplished
resulting in preliminary reinforced plastic configurations. These in-
cluded fuselage, wing, empennage, landing gear struts, power transmission
shafts, transmission housings, and fuel tanks. Available data on work
that has been accomplished by other organizations on the use of reinforced
plastics in rotor and propeiler blades were summarized.

Fiberglass offers the higher mechanical properties of the several rein-
forcing materials. Therefore, it is used exclusively for this study. It
was concluded that fiberglass reinforced plastics are feasible materials
for use as primary structure for Army aircraft. Specific advantages can
ge gained by their use in helicopter tail booms, landing gear shock ab-
sorbing struts, rotor blades and small control surfaces. Other structural
components indicate feasibility but require further investigation and
evaluation.

The main limitation to the use of fiberglass reinforced plastics for
structure is their low modulus of elasticity. However, in some applica-
tions, such as landing gear struts, a low modulus of elasticity is an
advantage rather than a disadvantage. This study has indicated that
presently available materials are feasible for some types of primary
structure. When the special high modulus glass fibers currently under
development are fully developed, it is reasonable to believe that glass
reinforced plastics will become a highly feasible and competitive material
for use in all primary structure.

It is recommended that the study program be continued to include the de-
sign, fabrication, and test of full scale components for specific appli-
cations.




CONCLUSIONS

Reinforced plastics are considered feasible materials for use in primary
structure of Army aircraft and offer advantages over conventional metal
structures for certain components and requirements. These materials are
specifically feasible for the following structures and components and
effort leading to the development of hardware is justified.

Helicopter Tail Booms

Aft Body of Light Fixed Wing Aircraft
Helicopter Skid Type Landing Gear
Fixed Cantilevered Landing Gear Struts
Helicopter Control Surfaces

Fuel Tanks

Feasibility of the following items is indicated, but further investigatien
and evaluation is required.

Light Fixed Wing Aircraft Wings
Light Fixed Wing Aircraft Empennages
Transmission Housings

Feasibility of rotor and propeller blades is indicated by the work of others,
but has not been evaluated.

The use of reinforced plastics in helicopter tail booms, control surfaces

and similar components results in less weight, better aerodynamic efficiency,
better appearance, radar transparency, and durable structure with good
fatigue characteristics at costs that would be comparable to or lower than
metal components. Wing and empennage structure indicates similar advantage,
but the evidence is not conclusive.

Reinforced plastics are excellent energy absorbers. Their use for landing
gear shock absorbing components will reduce the landing load factor for
normal rates of descent resulting in less wear and tear on aircraft struc-
ture and equipment, and greater comfort for the occupants. Conventional
"yielding" metal landing gears on helicopters require replacement after
"hard" landings. A reinforced plastic shock absorbing strut could react
loads from a "hard'" landing.without failure.

The irregular contours characteristic of most aircraft fuel tanks would
be readily adaptable to the advantageous use of reinforced plastics.
Such a tank would be lighter than a metal tank and would have superior
corrosion resistance and potentially less fatigue problems for given
vibration conditions. A reinforced plastic tank would be adaptable for
quantity production at a cost that would be comparable to or lower than
that for metal tanks.




The use of reinforced plastic in transmission housings may result in some
advantages but considerably more study is required. This application is
somewhat questionable. Reinforced plastics for power transmission shafts
are not warranted unless the resistance to envirommental conditions or
radar transparency properties are required.

The noise in an aircraft may be reduced by reinforced plastic structure,
but it is doubtful if the reduction would be significant. Some advantage
can possibly be realized. 1Integrally molded components resulting in
relatively large single-piece construction will reduce the direct air

transmission of noise. The acoustic properties require further investi-
gation

The materials and manufacturing process for a specific component must be
chosen for the specific requirements, enviromment, configuration, quantity,
etc. It is believed that more consistent results in the fabrication of
most components can be realized with epoxy resin than with polyester resin.

The curing cycle for all materials, especially for sandwich construction,
can be quite critical. Unless the fabricator has had experience with the
materials and cure cycle, some developmental work will be required to in-
sure optimum results and compatibility of materials.




RECOMMENDAT IONS

It is recommended that the structures and components conclusively indicat-
ing feasibility be considered for early development in the following order.

Helicopter Skid Type Landing Gear
Helicopter Tail Boom

Helicopter Control Surface

Fixed Cantilevered Landing Gear Strut
Fuel Tank

A comprehensive study of wings, body, and empennage structure required an
effort greater than was feasible in this program. It is recommended that
further study be accomplished on these components. Additional study is
also required for transmission housings.

It is recommended that development of the reinforced plastic landing gear
strut for a specific fixed-wing aircraft and/or a helicopter be initiated
as expeditiously as practical, and to include the following:

1. Additional analytical studies aimed at sandwich type construc-
tion as well as solid laminates and new materials with higher
strength to develop a design for a landing gear strut for a
particular aircraft.

2. Accumulate data on design and service experience with gear of
this type now in use.

3. Accomplish strength and fatigue testing of specimens of beams
using construction methods decided upon through analytical stu-
dies.

4. Fabricate full scale components and accomplish strength and
fatigue tests.

5. Install reinforced plastic landing gear on aircraft and accom-
plish drop, flight, and service tests.

A similar program is recommended for the development of a helicopter tail
boom.

There is some indication that aircraft noise can be reduced by the use of
reinforced plastic structure. In order to evaluate the noise reduction
characteristics further, a study program is recommended. This program
should include the following:

1. Tests to obtain quantitative data on damping of plastics.




Determination of sources of aircraft noise and transmission
paths in selected aircraft.

Preparation of a preliminary reinforced plastic design of the
aircraft body structure and an analytical evaluation of noise
transmission characteristics of both designs.

If it is concluded that the reinforced plastic design has

possibilities of reducing the noise level, fabricate a full
scale component and test.




INTRODUCTION

The purpose of this contract was to conduct a research study and test
program to determine the feasibility of using reinforced plastics as
primary structural materials in Army aircraft, The program was divided
into two phases, the first being essentially the design study and the
second the test phase., Study was directed at structure and component
design requirements in current and future Army aircraft with a view to-
ward replacing existing manufacturing techniques with reinforced plastics
in those areas in which a definite advantage seems apparent,

Components of primary structure are those parts of the aircraft in which
a failure would result in the probable loss of the aircraft., Tt has been
established, by virtue of many successful structural applications, that
reinforced plastics are acceptable structural materials. Relatively few
applications have been made in the field of aircraft primary structure;
however, the uses have increased extensively in recent years. Several
significant structural applications in newer high speed jet transport
aircraft are good examples of their recent acceptance as a structural
material,

The conduct of the subject program was based on a direct approach to the
determination of feasible Army aircraft reinforced plastic applications.
Feasibility, in this case, is restricted to those applications where re-
inforced plastics are advantageous compared to conventional materials.

The approach was further based on permitting early achievement of feasible
reinforced plastic hardware, where feasibility is indicated.

The program effort was therefore concentrated on those significant Army
aircraft structures and components which appear to have the greatest de-
gree of potential feasibility. The following catagories were selected
for study:

Fuselage

Wing

Empennage

Rotor and Propeller Blades
Landing Gears

Fuel Tanks

Drive Shafting
Transmission Housings

o~NoOUBmPLNO-

Within these categories, those configurations and problem zreas most per-
tinent to future Army applications were given priority.

Requirements for the pertinent structures and components were established
to insure compliance with applicable specifications, criteria and Army
directives, Reinforced plastic designs are then developed in accordance
with these requirements. The various alternatives in reinforced plastic
design and fabrication are explored for the most promising approaches.
These configurations were evaluated with respect to each other and with
respect to conventional materials.




This report summarizes all work accomplished. It includes design studies,
test results, conclusions and recommendations.

When this program was initiated it was anticipated that a substantial
amount of data and results of similar studies evaluating reinforced plas-
tics versus other materials accomplished by other sources would be made
available to this contractor to aid in the investigation. Many members

of industry and Government agencies were contacted requesting such data.
Very little pertinent information was obtained in this manner. Industry
in general considers that its data are proprietary and therefore would

not make them available. Some indicated a desire to cooperate but did not
have their studies in a published form that could be used.

A substantial number of reports on basic materials research and substan-
tiating data for MIL-HDBK-17 were obtained from Govermment sources such

as Forest Products Laboratory and The Armed Services Technical Information
Agency. There is evidence that many Government-sponsored projects have
been accomplished relative to the use of reinforced plastics, the results
of which would be beneficial to a study of this type; however, there is

no straightforward way of finding and obtaining the documents that re-
port the results.




REQUIREMENTS

The definition of the requirements for the various structures and compo-
nents to be studied in this program is essential for two primary reasons:

1. To insure that the reinforced plastic designs generated are in
conformance to applicable criteria,

2., To provide a true basis for the evaluation of reinforced plas-
tics feasibility in the applications studied.

In order to establish requirements, pertinent specifications, manuals

and related publications were reviewed for applicable criteria. This
information was supplemented by projected future requirements for Army
aircraft based on the available data and this Contractor's experience and
judgment. Considerztions relative to the Army aircraft mission and ser-
vice environment were taken into account in the design studies. The po-
tential of the various categories and types of aircraft were considered
in establishing the components and priority for study.

The general requirements for all components investigated in this program
were in accordance with applicable Army specifications and procedures.
Since most Army aircraft were procured to FAA or Air Force specifications,
the following general publications were used as guides for the overall
aircraft design criteria and structural load requirements:

1. ARDC Manual 80-1, Handbook of Instructions for Aircraft De-
signers (Reference 7).

2, Civil Aeronautics Manual 4, Airplane Airworthiness (Reference
21).

3. Civil Aeronautics Manual 6, Rotorcraft Airworthiness (Reference
22),

4, MIL-S-8698, Structural Design Requirements, Helicopters (Ref-
erence 50).

5. MIL-H-8501, Helicopter Flying Qualities, Requirements for
(Reference 49).

6. MIL-S-8785, Flying Qualities of Piloted Airplanes (Reference
51).

7. MIL-S-5700 through MIL-S-5706, Structural Criteria, Piloted
Airplanes (References 41 - 46),

The specific requirements for each design are presented in the discussions
of the various studies,




die surface, Bag-molded surfaces may be rough. Wrinkles, resin ridges
and fabric laps occur on bag-molded sides of laminates and could require
subsequent smoothing operations,

The desired color can be obtained by the use of surface paints, gel coats
or color pigment added to the laminating resin. The use of gel coats for
structural components is not recommended. It gives a low strength resin
rich surface.

The use of prototypes in the development of a domponent is desirable
wherever feasible, It allows the evaluation of a component under design
loads, environment, and simulated service life conditions. Much can be
learned from tests of a prototype that will make the final designs more
valuable, Variables that are peculiar to the specific design and method
of fabrication can be accounted for in the design to minimize any adverse
effect, Where matched metal die molding is to be used, the design should
be thoroughly and completely worked out before the molds are made. Changes
can be very ceostly and time consuming.

The strength of a glass reinforced part can be partially dictated by the
molding procedure because the process and technique used can control the
glass content and quality of the final part,

The choice of molding procedure is a basic consideration in the design of
a part. The molding process for a given part is chosen by giving proper
consideration to the following:

Strength requirements

Size of part

Shape of part

Permissible tooling costs
Permissible costs per part
Appearance requirements

Delivery time

Total number of parts to be made
‘Dimensional tolerance requirements
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The design of primary structure using reinforced plastics is attractive
from a number of viewpoints. High strength/weight ratios for appropriate
orientation of load and reinforcement; the ability to build up local
areas readily for stiffening and load concentration; the great variety of
reinforcements and resins available for selection - these are only a few
reasons the engineer is furnished great freedom of design and can achieve
weight, cost and fabrication efficiencies not realized with conventional
materials.
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3. Consider the special characteristics of reinforced plastics
and their differences from couventional metal materials,

4, _Analyze the structure using appropriate formulae.

5. Consider the inherent stability of glass reinforced plastics,
6. Remember that glass reinforced plastics cannot be sprung.

7. Use color for appearance and permanent finish.

8. Work closely with the mold maker and the molder.

9. Fabricate and test a prototype.

One of the greatest advantages of glass reirnforced plastics can be gained
from the successful integration of many parts into one unit. This can
result in economy because there is less part design, tooling, fabrication,
part handling, fastening, inspection, and weight.

The molding processes and techniques for fiberglass reinforced plastics
permit a wide flexibility in the shape and form of the final part. Metal
structures frequently are overdesigned because of standard gauge materials.
In fiberglass reinforced plastics, there is prec¢tically no limit to the
"tailoring" of thickness distribution and special shape that can be ob-
tained for the most efficient structure. Curved structures provide addi-
tional strength and regidity and can be obtained with comparative ease.

Methods of analysis used in the design of metal structures are in general
applicable to reinforced plastics provided due allowance is made £ar the
difference in material properties and cnnsideration is given to the fact
that the usual fiberglass reinforced pl stic cloth structure is an aniso-
tropic material. It should be remembered that a stress analysis is not
necessarily satisfactory proof that the structure is adequate. There are
many intangibles associated with the fabrication of reinforced plastics
that indicate development by testing even more than with metal structures.

Glass reinforced plastic material has great inherent dimensional stability.
Properly and completely cured moldings of this material will not yield in
the sense that most metals yield, Distorted parts will return to the
original shape when the load that cuases distortion is released. Parts
fabricated with sheet metal can sometimes be reshaped slightly after they
have been formed to fit adjacent parts. This is not true for reinforced
plastic parts and therefore these parts must be formed with a high degree
of accuracy. The molding technique must provide a good fit to prevent
built-in stresses in the final part.

Molded finishes vary from mirror smooth to rough. Surfaces molded against
die surfaces are generally the smoothest and are direct reflections of the
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Fiberglass, the most generally satisfactory reinforcing material for
plastics, produces a family of materials with a wide variety of cost and
performance characteristics offering the most advantages for highly
stressed components, Fiberglass reinforcements are supplied as continuous
strands, fabrics, mats, chopped strands and other forms. Many types of
resins are used to give a wide range of mechanical, thermal, and chemical
properties, Polyester resins are the most common because of their low
cost and ease of fabricaticn. Epoxy resins are most often selected where
high mechanical properties are required. Other resins such as phenolics,
silicones and acrylics are used where their special characteristics are
desired, The combinations of glass and resin can be controlled by the
designer to meet a wide range of performance and cost specifications.

Many processes are available to produce the desired combination of design
performance and economy., Each process has its own usefulness for combin-
ing different kinds and amounts of glass and resin, Processes vary in
ability to utilize different arrangements of glass, amounts of glass, and
different resins. A given combination of raw materials, required to meet
performance criteria in a given application, narrows the choice of pro-
cesses to those which can successfully and economically form the raw ma-
terial into a completed pait,.-

Economical cost and performance result from good design based on judicious
selection of both raw materials and processes, Proper materials must be
combined in a process so that potential performance is realized at econom-
ical cost. Design of the part must take advantage of the material and
turn potential limjitations into advantages,

The many choices of material and processes put the task of determining
the feasibility of using reinforced plastics for a specific application
on the designer. He must have a thorough knowledge of the relative merits
of all materials and processes, It is not the intent to present complete
information on reinforced plastics in this document., A number of text
books, Government documents, and manufacturers data books are available
that adequately describe the various fabrication processes and tabulate
data on materials.

The advantages and limitations of glass reinforced plastics are unique
and different from other materials, When designing with these materials,
advantage must be taken of their particular characteristics. The design
must not be dictated by the performance and characteristics of the more
conventional materials.

The general considerations for the design of reinforced plastics can be
summarized as follows:

1, Integrate design to minimum number of moldings or parts,

2. Use curves and "streamlined" shapes as required.

16




TECHNICAL CONSTIDERATIONS

Various technical considerations relative to the design and analysis of
reinforced plastic structures are applicable to all design studies ac-
complished in this program. Brief discussions of design, strength, and
aerodynamic and dynamic considerations are included for clarity of the
report and to avoid repetition of these considerations throughout the
design studies.

DESIGN

Accurate analytical determination of the distribution of stresses in air-
craft structures is a complex undertaking even with materials whose elas-
tic properties are essentially the same in all directions. With a ma-
terial such as glass fiber reinforced plastics, in which both the rein-
forcement and resin properties vary widely, depending upon reinforcing
fiber orientation, proportion of fiber to plastic, type of fiber and
resin, etc., the problem becomes even more difficult, These difficulties,
however, have their compensative advantages. The great variety and ver-
satility of reinforced plastics give the designer a wide choice for maxi-
mum satisfaction of the design requirements. 1In order for this advantage
to be fully realized, however, the necessary design data must be avail-
able, and the designer must apply the basic principles of good plastics
design,

For optimum plastics design, the material characteristics must be used to
advantage. Integral design/fabrication is usually feasible and desirable
in that the number of pieces to be fabricated, handled, and assembled is
reduced. Adhesive bonding is a similar advantage in eliminating fasteners
and fabrication operations,

For some time, fiberglass reinforced plastics have been accepted as satis-
factory materials for many aircraft components. Their use has mainly

been confined to secondary or nonstructural applications, or items re-
quiring the special characteristics of these materials. The high strength
to weight ratio, resistance to corrosion and weathering, and ease of fab-
rication give reinforced plastics an advantage over many other more '"con-
ventional' materials for many structural applications. In recent years,
their consideration as a primary structural material for aircraft has been
rapidly increasing. The reluctance to accept them for use in primary
structure is believed to be primarily due to the lack of good reliable
design information, the many variables that affect the characteristics of
the end product, and the lack of the necessary methods of reliable quality
control, This leads to much controversy over whether these materials are
satisfactory for aircraft structural components, and it is a generally
accepted conclusion that any discussion of their merits include the words
"it all depends".
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applications of reinforced plastics in the B-58. It also contains a re-
inforced plastic radome.

H-21 - Rotor blades of fiberglass reinforced plastic were designed and
fabricated for the H-21 helicopter. These blades failed on ground test.

H-43B - Glass reinforced plastic rotor blades have been successfully pro-
duced for this aircraft. Kaman is at present in production of these
blades and is awaiting approval for use on service aircraft. The verti-
cal fins are also fabricated from fiberglass.

Marvel - The Mississippi State University has a research program in which
it is planned te build an all-plastic aircraft. The prime consideration
in this application is to provide aerodynamic smoothness for improved
performance.

MF1-10 - The Swedish firm of A. B. Malmo Flygindustri has built a STOL
type aircraft which uses a reinforced plastic landing gear strut. It
reportedly provides better damping, lighter weight, and improved shock
absorbing features than a metal strut.

F8U-2NE - The wing tips, engine harness cover, and a fuel cell on this
Navy jet fighter manufactured by Chance Vought Corporation are signifi-
cant examples of structural uses of reinforced plastics in newer aircraft.
Phenolic resin and glass cloth are used for the engine harness cover.
Polyester resins and glass cloth are used for the wing tip and fuel cell.
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THE STATE OF THE ART

Reinforced plastics have been widely adapted to a great variety of pro-
ducts. They have been used to a considerable extent on aircraft and
missiles, but despite their apparent feasibility as structural parts,
they have been employed very little for primary structure production
applications. Experimental or small quantity applications do not have
the significance of production uses since feasibility, in the sense of
the subject study, is not necessarily indicated.

For wide acceptance as a material for primary structure, it is necessary
that the state of the art of reinforced plastics progress to the point
where raw materials fabrication process controls and material properties
are well established. The design engineer can then design around material
properties which are documented by ample test data and not have to intro-
duce raw material and process control variables into his considerations.

The progression of the technology of reinforced plastics is actually
hampered by some of the same factors which give these materials struc-
tural advantages. For example, reinforced plastics can take advantage

of directional properties to design a more efficient structure, compared
to metals, in certain applications; yet, the wide variation in directional
properties is one of the additional considerations imposed on the design
engineer. The same analogy can be applied to variables such as the re-
sins, reinforcements, cure cycles, fabrication techniques, and tooling
methods.

It is apparent that the major handicap to feasible reinforced plastic
structural applications is a lack of available general knowledge. Even
basic engineering design information is extremely sparse from a struc-
tural standpoint. This does not mean that there is a lack of data.

There is, in fact, such a great bulk of uncoordinated data that it magni-
fies the engineer's problems. As a result, the designer can determine
one or more potential solutions to his problem with relative ease. But
the optimization of his solution involves considerable difficulty.

There is essentially no information available on the subject of reinforced
plastics feasibility for structural applications. What information exists
in industry is considered proprietary and is believed to be generally re-
stricted in scope.

The situation with regard to fabrication knowledge is somewhat better than
design knowledge. In this case, secondary structural or even nonstruc-
tural experience may be pertinent to primary structural applications;
however, in some cases, lack of knowledge of proprietary methods will in-
hibit the evaluation of problem solutions.
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The design engineer will always be faced by volumes of data which he can
distinguish as qualification test data or quality control test data. For
example, the most popular type of test result reported in all specifica-
tions and manufacturers' literature is the flexure test. Now the flexural
strength does not fit into the needs of the design engineer for use in
his structural analysis formulae. Therefore, it is important to keep in
mind the gap between the great volume of data available and the relative-
ly small amount of practical use in conventional design analysis. For
reinforced plastics to progress in use for structural application, it

will be necessary to conduct suitable tests on special test panels to

develop the required design analysis data to support widespread use of
this material.

The use of reinforced plastics for primary structural applications in
aircraft has developed more slowly. At present there are several out-
standing uses of reinforced plastics in aircraft primary structure. Fol-
lowing are some of these applications:

Boeing 707 - The 707 jet airliner has approximately 720 reinforced plas-
tic items. Most of them are nonstructural. A section of the leading
edge extension is considered an example of a primary structural applica-
tion. Several highly loaded items of secondary structure include the
nose radome and the large tail cone.

Convair 880 - The upper part of the vertical stabilizer is used as an
antenna and must be isolated electrically from the other structure. A
splice section of fiberglass reinforced plastic used as a separator must
carry all airloads from the upper section and therefore is considered
primary structure.

DC-8 - The Douglas DC-8 uses the upper section of the vertical stabili-
zer as an antenna. A reinforced plastic separator is used in the same

manner as on the Convair 880. Another structural application is a 16-
foot-long dorsal fin that is molded in one place.

F-27 - The wing trailing edge and the leading edges of all movable sur-
faces are fiberglass reinforced plastic.

PA-29 - The Piper Aircraft Corporation is now building an all-plastic
aircraft for the low-cost private airplane market. It reportedly is
made of a paper honeycomb sandwich with 1/32-inch reinforced plastic
skins. The fuselage and wings are made in two halves and then joined.
The wing contains no ribs or stringers and reportedly has better fatigue
life than an equivalent metal wing. Information from Piper was not
available.

B-58 - The Convair-built Hustler bomber contains wing sandwich panels

with reinforced plastic facings. It also has a large reinforced plastic
sandwich panel in a section of the fuselage. There are many nonstructural
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applications of reinforced plastics in the B-58. It also contains a re-
inforced plastic radome.

H-2]1 - Rotor blades of fiberglass reinforced plastic were designed and
fabricated for the H-21 helicopter. These blades failed on ground test.

H-43B - Glass reinforced plastic rotor blades have been successfully pro-
duced for this aircraft. Kaman is at present in production of these
blades and is awaiting approval for use on service aircraft. The verti-
cal fins are also fabricated from fiberglass.

Marvel - The Mississippi State University has a research program in which
it is planned to build an all-plastic aircraft. The prime consideration
in this application is to provide aerodynamic smocthness for improved
performance.

MF1-10 - The Swedish firm of A. B. Malmo Flygindustri has built a STOL
type aircraft which uses a reinforced plastic landing gear strut. It
reportedly provides better damping, lighter weight, and improved shock
absorbing features than a metal strut.

F8U-2NE - The wing tips, engine harness cover, and a fuel cell on this
Navy jet fighter manufactured by Chance Vought Corporation are signifi-
cant examples of structural uses of reinforced plastics in newer aircraft.
Phenolic resin and glass cloth are used for the engine harness cover.
Polyester resins and glass cloth are used for the wing tip and fuel cell.
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TECHNICAL CONSIDERATIONS

Various technical considerations relative to the design and analysis of
reinforced plastic structures are applicable to all design studies ac-
complished in this program. Brief discussions of design, strength, and
aerodynamic and dynamic considerations are included for clarity of the
report and to avoid repetition of these considerations throughout the
design studies.

DESIGN

Accurate anal:;'tical determination of the distribution of stresses in air-
craft structures is a complex undertaking even with materials whose elas-
tic properties are essentially the same in all directions. With a ma-
terial such as glass fiber reinforced plastics, in which both the rein-
forcement and resin properties vary widely, depending upon reinforcing
fiber orientation, proportion of fiber to plastic, type of fiber and
resin, etc., the problem becomes even more difficult. These difficulties,
however, have their compensative advantages. The great variety and ver-
satility of reinforced plastics give the designer a wide choice for maxi-
mum satisfaction of the design requirements. In order for this advantage
to be fully realized, however, the necessary design data must be avail-
able, and the designer must apply the basic principles of good plastics
design.

For optimum plastics design, the material characteristics must be used to
advantage. Integral design/fabrication is usually feasible and desirable
in that the number of pieces to be fabricated, handled, and assembled is
reduced. Adhesive bonding is a similar advantage in eliminating fasteners
and fabrication operations.

For some time, fiberglass reinforced plastics have been accepted as satis-
factory materials for many aircraft components. Their use has mainly

been confined to secondary or nonstructural applications, or items re-
quiring the special characteristics of these materials. The high strength
to weight ratio, resistance to corrosion and weathering, and ease of fab-
rication give reinforced plastics an advantage over many other more '"con-
ventional' materials for many structural applications. In recent years,
their consideration as a primary structural material for aircraft has been
rapidly increasing. The reluctance to accept them for use in primary
structure is believed to be primarily due to the lack of good reliable
design information, the many variables that affect the characteristics of
the end product, and the lack of the necessary methods of reliable quality
control. This leads to much controversy over whether these materials are
satisfactory for aircraft structural components, and it is a generally
accepted conclusion that any discussion of their merits include the words
"it all depends".
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Fiberglass, the most generally satisfactory reinforcing material for
plastics, produces a family of materials with a wide variety of cost and
performance characteristics offering the most advantages for highly
stressed components., Fiberglass reinforcements are supplied as continuous
strands, fabrics, mats, chopped strands and other forms. Many types of
resins are used to give a wide range of mechanical, thermal, and chemical
properties., Polyester resins are the most common because of their low
cost and ease of fabrication. Epoxy resins are most often selected where
high mechanical properties are required. Other resins such as phenolics,
silicones and acrylics are used where their special characteristics are
desired, The combinations of glass and resin can be controlled by the
designer to meet a wide range of performance and cost specificatioms.

Many processes are available to produce the desired combination of design
performance and economy. Each process has its own usefulness for combin-
ing different kinds and amounts of glass and resin., Processes vary in
ability to utilize different arrangements of glass, amounts of glass, and
different resins. A given combination of raw materials, required to meet
performance criteria in a given application, narrows the choice of pro-
cesses to those which can successfully and economically form the raw ma-
terial into a completed part,

Economical cost and performance result from good design based on judicious
selection of both raw materials and processes, Proper materials must be
combined in a process so that potential performance is realized at econom-
ical cost, Design of the part must take advantage of the material and
turn potential limitations into advantages,

The many choices of material and processes put the task of determining
the feasibility of using reinforced plastics for a specific application
on the designer. He must have a thorough knowledge of the relative merits
of all materials and processes. It is not the intent to present complete
information on reinforced plastics in this document. A number of text
books, Government documents, and manufacturers data books are available
that adequately describe the various fabrication processes and tabulate
data on materials,

The advantages and limitations of glass reinforced plastics are unique
and different from other materials. When designing with these materials,
advantage must be taken of their particular characteristics. The design
must not be dictated by the performance and characteristics of the more
conventional materials,

The general considerations for the design of reinforced plastics can be
summarized as follows:

1, Integrate design to minimum number of moldings or parts,

2, Use curves and "streamlined" shapes as required.
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3. Consider the special characteristics of reinforced plastics
and their differences from conventional metal materials,

4, Analyze the structure using appropriate formulae,

5. Consider the inherent stability of glass reinforced plastics.
6. Remember that glass reinforced plastics cannot be sprung.

7. Use color for appearance and permanent finish,

8. Work closely with the mold maker and the molder.

9. Fabricate and test a prototype.

One of the greatest advantages of glass reinforced plastics can be gained
from the successful integration of many parts into one unit, This can
result in economy because there is less part design, tooling, fabrication,
part handling, fastening, inspection, and weight.

The molding processes and techniques for fiberglass reinforced plastics
permit a wide flexibility in the shape and form of the final part. Metal
structures frequently are overdesigned because of standard gauge materials,
In fiberglass reinforced plastics, there is practically no limit to the
“tailoring'" of thickness distribution and special shape that can be ob-
tained for the most efficient structure. Curved structures provide addi-
tional strength and regidity and can be obtained with comparative ease,

Methods of analysis used in the design of metal structures are in general
applicable to reinforced plastics provided due allowance is made £6r the
difference in material properties and consideration is given to the fact
that the usual fiberglass reinforced plastic cloth structure is an aniso-
tropic material, It should be remembered that a stress analysis is not
necessarily satisfactory proof that the structure is adequate. There are
many intangibles associated with the fabrication of reinforced plastics
that indicate development by testing even more than with metal structures.

Glass reinforced plastic material has great inherent dimensional stability.
Properly and completely cured moldings of this material will not yield in
the sense that most metals yield. Distorted parts will return to the
original shape when the load that cuases distortion is released. Parts
fabricated with sheet metal can sometimes be reshaped slightly after they
have been formed to fit adjacent parts. This is not true for reinforced
plastic parts and therefore these parts must be formed with a high degree
of accuracy. The molding technique must provide a good fit to prevent
built-in stresses in the final part.

Molded finishea vary from mirror smooth to rough. Surfaces molded against
die surfaces are generally the smoothest and are direct reflections of the
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die surface, Bag-molded surfaces may be rough. Wrinkles, resin ridges
and fabric laps occur on bag-molded sides of laminates and could require
subsequent smoothing operations.

The desired color can be obtained by the use of surface paints, gel coats
or color pigment added to the laminating resin. The use of gel coats for
structural components is not recommended., It gives a low strength resin

rich surface.

The use of prototypes in the development of a component is desirable
wherever feasible. It allows the evaluation of a component under design
loads, environment, and simulated service life conditions. Much can be
learned from tests of a prototype that will make the final designs more
valuable. Variables that are peculiar to the specific design and method
of fabrication can be accounted for in the design to minimize any adverse
effect. Where matched metal die molding is to be used, the design should
be thoroughly and completely worked out before the molds are made. Changes
can be very costly and time consuming.

The strength of a glass reinforced part can be partially dictated by the
molding procedure because the process and technique used can control the
glass content and quality of the final part.

The choice of molding procedure is a basic consideration in the design of
a part. The molding process for a given part is chosen by giving proper
consideration to the following:

Strength requirements

Size of part

Shape of part

Permissible tooling costs
Permissible costs per part
Appearance requirements

Delivery time

Total number of parts to be made
-Dimensional tolerance requirements
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The design of primary structure using reinforced plastics is attractive
from a number of viewpoints. High strength/weight ratios for appropriate
orientation of load and reinforcement; the ability to build up local
areas readily for stiffening and load concentration; the great variety of
reinforcements and resins available for selection - these are only a few
reasons the engineer is furnished great freedom of design and can achieve
weight, cost and fabrication efficiencies not realized with conventional
materials,
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STRENGTH

Methods of analysis used to design metal structure are in general appli-
cable to reinforced plastic structures. Strength properties of glass
reinforced laminates may vary considerably, and differences of several
hundred percent may be found in some properties, depending upon the type
of reinforcement and upon the characteristics of the individual rein-
forcement within a type. Fabrics may be woven such that they have dif-
ferent strength properties in the two directions parallel and perpendicu-
lar to the warp direction. Further versatility in materials is possible
by cross-laminating or by combining various fabrics in a single parallel
laminate. Thus, a wide range of properties is available to the designer,
enabling him to fit his materials to the particular requirements of his
application. Along with this greater versatility, there is a greater re-
sponsibility for the designer to apply those properties toward realization
of a more optimum structure.

Aside from the consideration of the basic strength qualities of the
various materials, the designer must recognize and allow for the effect
of enviromment and loading conditions on these properties. Environmental
conditions that affect strength include temperature, humidity, weathering
(including erosion and corrosion), fungus and chemical action. The dif-
ferent loading conditions that may or .may not affect strength include
duration of loading, rate of loading and frequency of loading.

Finally, due consideration must be given the manufacturing processes and
quality control techniques and their effect on the consistency of the
mechanical properties of the finished product.

The variation of strength properties of glass fiber reinforced plastics
with change in temperature is dependent on the laminating resin and the
glass fiber used. Generally, there is an increase in strength with a
decrease in temperature below normal and a decrease in strength with in-
creasing temperature. However, in the range of atmospheric temperatures
involved, there is only a minor effect on strength for most glass rein-
forced plastic. In areas where higher temperatures are involved, for
example, in the area of a turbine engine exhaust, special attention must
be given to this problem.

When exposed to free water or high humidity, glass fabric laminates absorb
moisture. This moisture absorption results in an appreciable loss in
strength. This reduction is apparently a function of moisture content at
the time of loading rather than a permanent deterioration of the material.
If the laminate is "dried out" after exposure, it regains its strength.
All design allowables used in this study have been based on wet strength.
The use of wet strength values is considered to be unnecessarily conser-
vative for most aircraft applications. The conditions under which the wet
strength is determined are considered to be unrealistic when related to
actual aircraft enviromment and condition of material when subjected to
the design loads. In addition, the laminates can be protected with resin
coatings to prevent the absorption of water.
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Atmospheric exposure affects the strength properties of glass fiber rein-
forced plastics, the magnitude of the effect depending primarily on the
type of resin and atmospheric conditions. The greater portion of the re-
duction in strength results from surface erosion. The loss in strength
due to weathering for laminates utilizing polyester resins is quite ap-
preciable; however, by painting or other surface treatment, this loss can
be reduced appreciably. The effect of exposure on laminates using epoxy
resin is negligible.

Mold organisms have been observed to grow on glass-fabric laminates;
however, there is little indication that this growth had any effect on
properties.

Glass reinforced plastics are quite resistant to attack by most common
chemicals. Aviation fluids, fuel, oil, etc., have no appreciable effect
on strength properties. Reinforced plastics present somewhat higher
creep values than do the common structural metals at comparable tempera-
tures. TIn nearly all aircraft structural applications the structure is
designed to large magnitude, short duration loads whereas the steady
state loads are only a small fraction of the design loads. For this
reason, the effect of duration of loading on strength as applied to re-
inforced plastics is not critical in most cases.

The rather limited data available indicates that the rate of loading has
little effect on strength at the higher rates. At lower rates, the
strength is reduced due to creep rupture.

Consideration of cyclic loading is important in strength evaluation since
it is one of two requisite conditions for fatigue, the other being a cer-
tain minimum stress level known as the endurance limit. Of course the
greater the stress, the fewer the cycles required to result in failure.
The stress producing failure is the maximum stress within the member.

The maximum stress may be several times the stress predicted by elementary
stress theories because of stress concentration. This stress concentra-
tion occurs when the application of loading is localized or when the
stress pattern is disturbed by eccentricities or discontinuities in the
structure. Discontinuities may arise from such things as holes for at-
tachments, necessary changes in section, or from imperfections in the
structural material.

Considerable test work has been accomplished by the Govermment and indus-
try to determine the effects of stress concentrations on both static
strength and fatigue strength of reinforced plastics. The results of
much of these data are summarized in MIL-HDBK-17. Generally, these data
show a rather wide variation in the effect of stress concentrations de-
pending on the following most significant factors:

1. Type of resin employed

. Resin content

Type of reinforcement

Fiber finish in the case of glass

~WN
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Fiber orientation

Temperature

Types of stress concentration

. Magnitude and characteristics of the stress

0~

As with metals, stress raisers such as holes, cutouts, nciches and
fillets greatly affect the strength capability of structure fabricated

of reinforced plastics. There are, however, definite differences in the
behavior of the two materials under such internal stress distribution.
Most metals when tested for fatigue develop cracks originating at a point
of stress concentration. In reinforced plastics, stress concentrations
induce premature failures not only after numerous load cycles, but also
during application of a steady load.

This notch sensitivity of reinforced plastic laminate is directly related
to the stress-strain behavior of the material. A contrast of the tensile
stress-strain curves of 181 glass fabric-polyester laminate with a high
strength aluminum alloy is presented in Figure 1. It is apparent that
in the case of the aluminum, the
rate of straining greatly in-
creases after the yield point is

FRACTURE reached. This fact allows the
70 — stress concentration to redis-
2024-T86 tribute in adjacent areas, there-
60 ALUMINUM by rounding off the theoretical
peak stresses. The stress-strain
D 50- FRACTURE curve for glass reinforced plas-
An tic laminates is essentially
& 40+ linear up to the point of failure
1 without the greater plastic flow.
2 20 Due to this difference, the re-
w 181 GLASS FABRIC- distribution of the stress con-
E 20 POLYESTER LAMINATE centration is considerably less
than in the case with the metal,
104 resulting in relatively higher
concentration factors.
GE) i - - / . é Another interesting fact appears

3 4
STRAIN (%)

FIGURE 1. STRESS STRAIN CURVES-

ALUMINUM ALLOY AND FIBERGLASS

LAMINATES

to be inherent with plastic
laminate structure. Tests run
by the Martin Company, Baltimore,
indicate that the greater the
number of holes in a given area,
the lower the safe stress level.
It is reasoned that the larger
number of holes increases the
probability of early crack for-

mation and propagation. This fact is recognized in industry by the use
cf special diamond drills to insure sharp, clean holes with minimum de-

laminating and fraying.




Comparing the more common structural types of glass reinforced plastics
to the aluminum alloys employed in aircraft structures, the fatigue
strength of unnotched specimens is generally equivalent when compared to
ultimate strength. However, as opposed to static conditions, the re-
inforced plastics are somewhat less notch-sensitive in fatigue.

Stress concentration cannot be avoided entirely in a practical structure;
however, reinforced plastics have an advantage over metals in reducing
the number and severity of these concentrations. They can be molded to
shapes that provide smooth transition of lcad paths and the number of
parts is reduced, thereby reducing the number of joints that are a scurce
of stress concentrations. Perhaps the biggest disadvantage with plastics
is the difficulty of maintaining really close control throughout fabrica-
tion and the lack of simple, nondestructive inspection techniques.

A general requirement in the design of metal aircraft structures is a
positive margin of safety when comparing maximum design loads to the
vield stress of metal and a 1.5 safety factor when comparing these loads
to the ultimate or breaking strength of the material. Since glass rein-
forced plastics do not have a yield point as such, this same requirement
applied to plastics results in a 1.5 safety factor without yield.

Because of the lesser amount of experience with plastic structures, there
is a tendency to apply an additional factor of safety when using this
material, presumably to allow for the following factors:

1. Incorrect assumptions on which the analysis and computations are
based

Effects of temperature changes

Effects of repeated stresses

Effects of dynamic loads and vibrations

Effects of stress raising discontinuities

Effects of enviromment

Service conditions

Possible increase of loads through future ''growth"
Variables of workmanship

. Dependability of quality control

Material variations

OWYWoo~NOTUBMPwN
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It is proposed that unless this factor is exorbitant, it will be insuffi-
cient to cover all of the variations in particular cases while in many
instances it will invoke undue penalties. It is believed that there is
sufficient data to permit reasonable allowances for these variations in
particular applications, resulting not only in better overall strength
but also in greater economy.

The allowable design stresses for materials used in these studies were
obtained from MIL-HDBK-17, Plastics for Flight Vehicles, Reference 38,
and ANC-23, Sandwich Construction for Aircraft, Reference 6. For mater-
ials not included in these two documents, allowable stresses were deter-
mined from manufacturers' data, test reports, or other suitable sources.
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DYNAMICS

The dynamic behavior of a structure in a given environment can be des-
cribed in terms of mass, stiffness, and the degree of damping involved.

In many cases there is a rather complicated relationship between the pro-
perties of the structural configuration and the envirommental conditions;
however, variation of any of the material properties has the same basic
effect under any conditions. Dynamic considerations involve a wide range
of environmental conditions including such things as response to impulsive
loading, response to periodic or random type loading varying in frequency
from relatively low values to sonic frequencies, and self-induced or sus-
tained oscillations such as flutter. Finally, the response of a structure
to these dynamic conditions may result in a maximum stress condition,
critical fatigue condition, electronic or mechanicial component failure and
personnel fatigue,

Under impulsive loading, the maximum response is dependent upon the rela-
tionship between the natural frequency of the structure and the time rate
of change of the impulse. The rate of decay of the oscillatory response
is a function of the damping. Since the natural frequency of a structure
can be controlled at least to a limited degree in design and since the
maximum response is a function of the relationship of natural frequency
to impulse shape, it is impossible to compare structural materials or de-
signs except in specific examples, However, it is generally agreed that
reinforced plastics have a greater degree of damping than do metal struc-
tures, so that the rate of decay of the oscillatory response would be
greater for the plastic structure, Therefore, assuming an equal magnitude
of initial response, the plastic stxucture would be subjected to a fewer

number of oscillations of lesser amplitude, thereby enhancing its fatigue
life.

Under periodic loading, the response of a structure is primarily a function
of the relationship of the natural frequency to the forcing frequency.
When the two frequencies are equal, the response becomes infinite except
for limitations provided by damping. As the ratio of natural frequency
to forcing frequency becomes larger, the response becomes less, approach-
ing a magnification of one, indicating a response that is equal to the
forcing function. As this ratio of frequencies becomes smaller, less
than one, the response becomes less, approaching a limit of zero. At
frequency ratios appreciably different from one, damping has very little
effect on response to this type of loading. However, at or near the
resonant frequency damping is quite effective in reducing the response.

A measure of structural damping is the logarithmic decrement or rate of
decay of response during free vibration. The logarithmic decrement is
given by the following expression:

& = 2m g
1+ 1+ g2
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where g is a damping factor. TIn metal aircraft type structures, the value
of g varies from .02 to .08 Using these values in a response equation,
the dynamic magnification at resonance corresponding to g = .02 is ap-
proximately 50 while g = .08 results in a magnification of approximately
12, The appropriate value of g for reinforced plastic structures is not
known, but it can be seen that the magnification reduces rather rapidly
with increasing values of the damping factor g.

The relatively high material damping of reinforced plastics is also quite
effective in reducing noise transmission.

Under certain conditions, a disturbed elastic system may absorb energy
from its surrounding media. If the energy from damping is greater than
the absorbed cnergy, then the oscillations resulting from the disturbance
will diminish with time. If the two energies are equal, then the oscilla-
tions will be maintained at a constant amplitude. Finally, if the ab-
sorbed energy is greater than the available energy from damping, then the
oscillations will increase in magnitude until failure of the system
occurs. These oscillations are characterized as self-induced oscilla-
tions. Flutter is an example of this phenomenon. The analysis of the
flutter problem is quite complex, and it is quite difficult to predict the
effect of the use of reinforced plastics on this phenomenon without con-
siderable study,

In general, it is desirable and in many cases necessary to design struc-
ture so that its natural frequency does not coincide with primary exciting
frequencies. However, in many cases it is impractical to avoid all of the
exciting frequencies one hundred percent of the time., Under these condi-
tions, the increased damping available in reinforced plastics would reduce
the magnitude of the induced loads. For structures subjected to impulse
or random frequency loading, the damping ‘inherent in reinforced plastics
is effective in increasing fatigue life.

The low modulus of elasticity combined with the damping makes this materi-
al effective as a shock absorber, for example, in landing gear structure.

It is concluded that the characteristics of reinforced plastics make it

a desirable structural material for application in a dynamic or vibra-
tional environmment. As indicated previously, there are no quantitative
data available on the magnitude of damping inherent in reinforced plastic
structures., It is realized that the magnitude of damping is dependent
upon the type and complexity of the structure; it is therefore desirable
that further testing, to include full-scale testing, be accomplished to
better evaluate this characteristic.
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AERODYNAMICS

Important aerodynamic advantages can be realized through the use of glass
reinforced plastics as primary aircraft structure. These advantages re-

sult from improved aerodynamic cleanliness or shape due to the follawing

characteristics of reinforced plastics:

1. Improved surface finish inherent in plastics.

2. Elimination of surface imperfections such as rivets, gaps and
lap joints by use of integral and/or bonded structure.

3. Smoother contours free from local deformations and wrinkles
by use of stable monocoque construction.

4. TImproved aerodynamic shape due to the greater rigidity inherent
in some types of reinforced plastic structures.

The improvements contributed by these items result in reduced aerodynamic
drag and increased lift characteristics, thereby providing potential in-
creases in speed, range and economy of operation.

Skin drag is the product of the surface shear, developed by moving a body
through a viscous medium, and the surface areua. The shear value is great-
ly influenced by the nature of the boundary layer surrounding the moving
object. This boundary layer will either be laminar, characterized by a
small velocity gradient and producing low shear, or turbulent, character-
ized by a thickened boundary layer and a large velocity gradient producing
high shear. Deterioration of laminar flow characteristics and transition
to turbulent flow may result from such effects as operation in turbulent
or hot air, from vibration or noise, or from disturbed flow brought about
by surface irregularities. It is the latter of these disturbing elements
that can be appreciably altered through employing construction techniques
embodying plastics and bonded structures. Some of the surface irregulari-
ties common to sheet metal construction but eliminated through plastic
construction are rivets, lap joints, gaps, and "normal" fabrication skin
roughness or irregularity.

When an airfoil, for example, is sufficiently rough to cause transition
from laminar to turbulent flow near the leading edge of the section,
large increases in drag are incurred. This effect is clearly seen in
Figure 2, which shows the variation of drag with surface condition and
Reynolds number. In subsonic flow, well below the acoustic velocity, the
variation in fluid density may be neglected, so the flow conditions and
drag are functions of Reynolds number, R, where

R=F (p,V,1,u) or R = J—Xl
where p = fluid density constant

velocity of object
= reference length
coefficient of absolute viscosity
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.Tests have been conducted in the NASA Langley two-dimensional low-turbu-
lency pressure tunnel in order to compare typical practically-constructed
metal airfoil sections with those of varying degrees of smoothness. Re-
sults of these tests conclude that smooth surfaces always produce substan-
tial drag reductions. Figure 3 shows a comparison of a smooth and rough-
ened leading-edge airfoil section. The roughness (0.0ll-inch grains) is
more than the usual manufacturing irregularities, although less than for
accumulated ice and mud which are occasionally encountered in regular
operation. It does, however, indicate the seriousness of surface rough-
ness and points up the desirability of close control of surface conditions.
In fact, surface quality was found to have more effect on the minimum drag
characteristics than the type of airfoil section.

Generally, in subsonic flow, sections of '"practical'" construction produced
a drag coefficient between 0.007 and 0.008 in . nearly all cases, regardless
of secticn. The data also showed that airfoils permitting extensive lami-
nar flow had substantially lower draw coefficients when smooth than those
with limited laminar flow. Once sufficient roughness was present to force
transition from laminar to turbulent flow, additional roughness produced
very little added effect. The degree of roughness was shown to have a
much larger effect on drag at high lift coefficients. A supplementary
effect of leading edge roughness is to decrease the lift curve slope, par-
ticularly for thick sections having the position of minimum pressure far
back on the section.

Reinforced plastic construction, with its inherently smooth surfaces, will
provide flight articles requiring less thrust with accompanying increase
in range at the same airspeed, or will provide an increase in cruising
speed with the same range.

Research and development are currently underway in the field of boundary
layer control designed to delay or prevent flow transition over the entire
aircraft surface for maximum aerodynamic benefits. Predictions of sub-
sonic performance gains utilizing 100 percent boundary layer control in-
dicate extremely large benefits to be obtainable. Achieving these goals
will require smooth, close tolerance contours that can be best provided

by glass reinforced plastic and bonded type construction.
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A number of research and development programs have been conducted uti-
lizing boundary layer control for improved vehicle lift/drag relation-
ships and reduced power requirements. Foremost in the application of
boundary layer control to light aircraft has been the Mississippi State
University. Test beds for past research and development include the
Beech D-18 and AT-11 multiengined aircraft and the Army L-19 and L-23
light aircraft. Modification of these aircraft generally encompassed
several techniques for improving performance in addition to boundary
layer control application. Each technique relies heavily upon smooth
surfaces for aerodynamic efficiency. For each vehicle modification, all
surfaces were smoothed where possible, protruding rivets covered, fillets
introduced in such areas as the wing root and nacelle juncture, low-drag
wing tips installed, canopies smoothed and extermnal protuberances sup-
pressed and faired. Such modification, for example, enabled the L-23
Twin-Bonanza to cruise at 190 miles per hour on 58 percent full throttle

horsepower in contrast to its original maximum speed of 187 miles per hour
with full throttle.

Mississippi State is currently engaged in the development of a boundary
layer control two-place, 90-horsepower, light plane called the 'Marvel-
ette', with anticipated performance enabling take-off and landing at 35
miles per hour and a top speed of 200 miles per hour. This ajircraft in-
corporates reinforced plastic wings, fuselage, nose section and ducted
fan shroud.

Concurrent with the '""Marvelette'" development, Mississippi State is de-
veloping a boundary layer control two-place Army vehicle which has an
Allison T63 turboprop engine that develops 250 horsepower. This aircraft,
called the '"Marvel'", provides for engine intake air to be sucked through
perforations in the wing upper-surface skin. To make this system effi-
cient, the skin will be molded fiberglass so that all surfaces will have
maximum smoothness, thereby eliminating unnecessary drag and providing

an excellent surface for boundary layer control application. The "Marvel”
is all reinforced plastic construction.

It is concluded that the extremely smooth and accurate contours, routine-
ly attainable using glass reinforced plastics construction, will result

in significantly improved aerodynamic characteristics of aircraft employ-
ing such materials over appreciable areas of structure exposed to the air
stream. Wing lift values as much as 20 percent higher than those of
average conventional metal construction and profile drag values as much

as 20 percent less are readily obtainable by exploiting the improved aero-
dynamic surfaces of reinforced plastics. Equivalent advantages may accrue
as the use of smooth finish plastic materials and practices are extended
to other areas of aircraft. It is possible to multiply these improvements
several times in cases where the smooth surfaces are teamed with effective
boundary layer control techniques.
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In certain applications, reinforced plastics have another inherent capa-
bility for improving aerodynamic efficiency. This exists where plastic
construction lends itself more readily to streamlined shapes, due to ease
of fabrication, than does conventional metal construction. Typical ex-
amples are landing gear struts and miscellaneous protuberances which can
have minimum parasite drag through use of clean, faired and smooth con-
figurations.

Improved range, speed, and payload or combinations of these parameters will
result from drag reduction or lift improvement attendant upon the substi-
tution of reinforced plastics for conventional metal construction. The
extent or degree of enhancement of desirable aerodynamic qualities will
require evaluation in each particular instance, but it is certain that,

in many cases, such evaluation will justify considerable added cost.
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DESIGN STUDIES

Design studies of typical current and projected Army aircraft components
in the following categories have been investigated:

Fuselage

Landing Cears
Transmission Housings
Drive Shafting

Frmpennage

Fuel Tanks

Wing

Rotor and Propeller Blades

o~V PN -

The feasibility of embedded electrical conductors and hydraulic pipe in
laminates, problems of rain erosion, and the compatibility of reinforced
plastics and hydrocarbon fuels were investigated.

The approach to each design study was based on preliminary evaluation of
the nature of the particular problem areas and the state of development
of known reinforced plastic components. For example, in the case of
rotor blades, much highly specialized development work has been accom-
plished, the magnitude of which is much greater than this entire program;
the effort in this area was therefore directed at determination of and
evaluation of the work accomplished by others.

In the case of empennage applications, typical configurations were
studied in detail and several alternate reinforced plastic designs have
been evaluated.

All of the design studies have been based on current and projected Army
requirements. The reinforced plastic designs generated are consistent
with applicable criteria and conventional aircraft practice. Where ap-
propriate, existing conventional Army aircraft structures and components
were used as a basis for the reinforced plastic design studies so as to
provide a comparable conventional metal design. This procedure precluded
the needless expenditure of time in generating conventional designs for
comparison. The applicability of the conventional design to the study
requirements was of course verified. However, it should be noted that
it was not possible to optimize the reinforced plastic designs during
this study to the same degree that existing production metal counter-
parts have been optimized. Therefore, the reinforced pldastic designs
are at some disadvantage in comparison.

In the following sections of this report, the various design studies are
presented in summary form. Sufficient pertinent detail is presented to

define the coverage of each study and to substantiate the conclusions.

In general, each design study was conducted in the following manner:
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1. The requirements for the particular structure or component were
studied.

2. Existing Army aircraft applications, projected future applica-
tions and related applications were studied for selection of
the primary areas of interest.

3. Where appropriate, existing designs were selected as a basis
for the reinforced plastic design studies and subsequent com-
parative evaluation.

4. ©Potential reinforced plastic design and fabrication approaches
were developed and subjected to preliminary evaluation, and the
most promising was selected for detailed design study.

5. Each design study configuration was optimized to the degree
possible in this limited program; evaluated with respect to
each pertinent engineering, fabrication and service parameter,
including cost; and compared to the existing conventional de-
sign. Advantages and disadvantages, -conclusions and recommen-
dations were summarized.

Cost evaluation of the various reinforced plastic designs is a very vital
part of the feasibility study. Arriving at reliable cost figures, how-
ever, appears to be a most difficult task. It is apparent that many of
the hard facts necessary for accurate cost estimating are quite elusive
or nebulous. This is primarily due to the lack of industry experience
in reinforced plastic structures and components of the types considered
in this investigation. It follows, of course, that actual cost data are
nonexistent,

Cost estimating capability is built primarily on experience. Where di-
rect experience is not available, it is desirable to average out the
potential error by accruing estimates from several sources engaged in
related work. This procedure_has not produced results, however, due to
a lack of interest by most of the fabricators contacted.

Regardless of these handicaps, other difficulties related to product
optimization must be considered. The great variety of methods and tech-
niques in plastics design and fabrication presents innumerable approaches
to minimum cost. Here again, lack of industry experience precludes the
short cuts to cost estimating reinforced plastics.

In view of these problem areas, the current study evaluation of cost was
based primarily on estimates by Hayes Cost Analysts. This approach in-
sured consistent information and probably provides the best basis for
comparative evaluation of different reinforced plastic alternatives.
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The remaining problem involves comparison of reinforced plastic and con-
ventional metal configurations. Available cost information for existing
components i1s essentially the "spares'" cost of a developed product as
taken from the Federal Stock Catalog. Such data should reflect the ulti-
mate in low cost. In order to present a fair comparison, these costs
should be verified since there appear to be inconsistencies in some cases.
Such verification has not been possible to date.

Under any circumstances, the costs quoted for reinforced plastic compo-
nents should be regarded as approximate and tentative. Any apparent
disadvantage of reinforced plastics versus conventional metals must be
tempered with the realization that the conventional configuration has had
the benefit of a much higher degree of optimization.

In order to avoid repetition in the presentation of the design studies,
discussions of the various technical problem areas have preceded this
section of the report. For the same reason, the general advantages and
disadvantages of reinforced plastics compared to the conventional metals
are summarized below. Therefore, it will not be necessary to repeat these
points in the various design study evaluations which follow.

Advantages

1. Broad choice of material properties, characteristics, and fabri-
cation processes for configuration optimization.

2. High strength/weight ratio.

3. Improved mechanical and acoustical vibration damping.

4. Improved energy absorbing capability in the elastic range.

5. Simplified integral design and fabrication resulting generally
in lower cost.

6. Reduced maintenance; noncorrosive, durable, easily repaired.

7. Improved aerodynamic efficiency through surface smoothness and
contour.

8. Nonmetallic/noncritical material.

9. Radar transparent; electrical and thermal insulators.

10. Less vulnerable to small-arms fire.

Disadvantages

1. Less design and fabrication knowledge available, necessitating
development for most applications.

2. Quality more sensitive to process control.

3. Potential development costs to optimize processes and product
applications.

4. Higher cost raw materials.
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FUSELAGE DESIGN STUDY

This design study covers the utilization of reinforced plastics as a
basic material for the fabrication of aircraft fuselages. Potential
Army aircraft fuselage applications cover a great range of types, sizes,
and shapes. Existing and anticipated future configurations have been
reviewed in order to concentrate the study effort in those areas likely
to best satisfy the overall intent of the program.

Fuselage design differs from the design of other primary structure of an
aircraft, particularly in the relative complexity of the requirements.

A rotor blade may be said to be essentially 100 percent primary structure
adapted to carrying air loads and those loads imposed by centrifugal force.
Similarly, a wing, landing gear, tail surface, and the tail boom portion
of a fuselage devote a large majority of their structure to resisting
"primary" loads; that is, flight air and inertia loads or ground landing
loads. A great preponderance of the structural design effort is directed
toward provision of structure to resist these primary loads.

The average fuselage, on the other hand, contains fully as much ""second-
ary" structure as primary. In many instances, accommodations of the
secondary items have a considerable influence on the primary structural
areas. The secondary structural items referred to are such things as
doors; windows; seats for passengers and flight crew; litters; provisions
for support and tie-down of cargo; and support for and enclosure of elec-
tronic, first aid, oxygen, flotation gear and parachute equipment. 1In
addition, if armament is fitted, adequate structure must be provided not
only to support the equipment but also to resist recoil, antirecoil and
muzzle blast loadings.

Successful solution of the detail structural and mechanical problems as-
sociated with incorporation or installation of these and allied items of
equipment is as much a part of a successful fuselage design as are the
problems of reacting primary flight or landing loads. Unless or until
such secondary items which form so much of the typical fuselage are pro-
vided for, it is not practical to attempt a true comparison of the re-
inforced plastic design with one of conventional materials. This is not
to imply that the existence of such problems should in any way inhibit
the application of glass reinforced plastics in this area. It is felt,
however, that such a comprehensive design effort is not within the scope
of the present investigation; and therefore the study of complete fuse-
lages would not be truly productive and is not warranted at this time.

In view of the magnitude of the overall fuselage design problem, it has
been deemed most appropriate to aim the current study at the helicopter
tail boom problem area. This type of structure is visualized for many
future applications, including the light observation helicopter (LOH)
now under development.

In current helicopter configurations, the tail boom structure falls into
two general categories. One configuration consists of semimonocoque
structure while the other is an open truss type structure, both of which
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utilize aluminum and magnesium alloys. In many cases, the working
stresses are quite low to avoid problems of local instability or merely
to maintain gages and sizes that have sufficient durability against
secondary loads, Because of the very low damping available in metal
structures, care must be exercised to avoid certain critical frequencies,
and in many cases the design is dictated by this condition.

A preliminary strength-weight comparison of the usual sheet-metal type
of construction and the possible reinforced plastic types of construc-
tion indicates that static strength requirements can be met with the

plastic design with equal or less structural weight when compared to the
metal design.

The effect of comparative stiffnesses of the metal vs., plastic design is
not as easily analyzed, In the general case, equivalent geometrical
designs in aluminum and plastic to equal strength will result in a plas-
tic structure that is more flexible than the aluminum one. However, it
may be just as simple to avoid .critical frequencies with one as the
other. Furthermore, with the increased damping inherent in plastic de-
sign, it may be permissible to operate at or at least nearer to critical
exciting frequencies without incurring undue magnification of vibratory
loads. 1In addition, the greater freedom of geometrical design afforded
by reinforced plastic techniques will produce more efficient use of the
mechanical properties of the material.

In consideration of the helicopter tail boom proplem areas, it appeared
desirable to study typical configurations in both the medium and light
helicopter categories. This is due to the potential variation in degree
of feasibility with size and complexity of design. For study, the HU-1
and the H-23 models were selected as representative of typical applica-
tions in these categories, 1In addition, these two aircraft employ con-

figurations similar to projected LOH models and other potential future
applications.

Solid laminate and sandwich construction were investigated for both tail
booms. Type 181 fiberglass cloth impregnated with epoxy resin was used
in the analysis for the solid laminates and for the sandwich faces.
There are several reasons for choosing the 181 glass cloth and epoxy
resin, Panel instability is the critical failure mode of this particu-
lar structure, The failure stress in this mode is a functicn of the
product of the moduli of elasticity in the direction of the load and
perpendicular to the load. The 181 cloth provides a relatively high
value of this product. Since the direct stresses are relatifely low,
there is no requirement for a high concentration of fibers in any par-
ticular direction, Reliable data are available for this type of cloth,
and since no other cloth or fiber presents a major advantage for this
application, 181 cloth provides a logical basis for preliminary analysis.

Other materials deserve consideration for these applications. The new
high-strength unidirectional nonwoven fabrics such as Minnesota Mining
and Manufacturing Company's "Scotchply"” will have definite advantages in
specific applications. It can be obtained in unidirectional, crossplied,
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and isotropic fabric, The mechanical properties are somewhat greater
than those for woven fabric. The test program for this study included
some evaluation of "Scotchply".

Hercules Powder Company has accomplished some experimental work in mold-
ing parts with their "Spiralloy'" mat. This mat is a filament winding of
any thickness wound on a large-diameter mandrel, then split and removed

from the mandrel in the 'B' stage of cure. It can then be handled and
molded the same as other preimpregnated cloth. The primary advantage

of "Spiralloy'" mat is its high strength and exceptionally good drapabil-
ity, Some data on this material are included in the test section of this
report. It appears to have excellent potential for faces of sandwich
construction of intricate shapes that require high strength,.

The analysis for sandwich construction was based on the use of fiber-
glass honeycomb core. The primary advantage of the fiberglass core is
its radar transparency., It ‘would probably provide better damping charac-
teristics than the aluminum honeycomb, but much additional testing is
required to determine the magnitude of the damping involved and to eval-
uate the overall effect on the design. -Other core materials are easier
to use and less expensive in fabrication. Aluminum honeycomb, paper
honeycomb, foams, Narmco "Multiwave', and "Trussgrid', by General Grid
Corporation, were considered. A complete evaluation of all these ma-
terials could not be accomplished in this program. Any of them can be
used to obtain a satisfactory structure, and the analysis would be es-
sentially the same,

Aluminum honeycomb is considered to be representative of the complexity
of fabrication, weight and cost. It is considered to be the optimum at
the present time, and the evaluation of the components is based on its
use,

Aluminum honeycomb can be machined in the unexpanded condition and has
moderate forming characteristics., This is an adwuntage over fiberglass
honeycomb, which must be machined in the expanded condition and is diffi-
cult to form. ''Multiwave" and "Trussgrid" offer better forming charac-
teristics but will be slightly heavier.

Plastic foam offers a more nearly continuous support for the faces; how-
ever, this advantage is counteracted by the fact that the foam has a
much lower modulus of elasticity, so that the net result is in doubt,
Although the damping qualities of the foam core are probably better than
either the aluminum or fiberglass honeycomb, the resistance of the foam
sandwich to vibration is somewhat questionable. In general, a great
deal of additional test data are required to permit a good evaluation of
the possible use of foam sandwich for this application,

The test program included compression and bending tests of sandwich
panels with aluminum honeycomb, '"Multiwave'", and polyurethane foam.
"Trussgrid" is a relatively new material and information was received
too late to be included,
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HU-1 TAIL BOOM

The HU-1 tail boom is a conventional skin-stringer-frame semimonocoque de-
sign of aluminum and magnesium alloys. It supports a horizontal control
surface and also a fixed vertical stabilizer to which is mounted a tail
rotor.

Design data have been taken either from the helicopter itself or from the
limited number of drawings available on the tail boom., The weight distri-
bution and design criteria are based on data in Bell Helicopter Corporation
Report No. 204-947-035, "Detail Specification for HU-1lA Utility Helicopter"
(Reference 13). The loading condition assumed in the analysis combines

a 1220-pound tail rotor thrust with 1.8 g. limit gust load factor., A
380-pound down load is assumed to be acting on the horizontal stabilizer.

The tail rotor thrust force is derived from Bell Helicopter Corporation
Report No. 204-099-753, XH-40 Stability and Control Analysis'" (Reference 15).

The geometry for the reinforced plastic boom is arbitrarily chosen to be
essentially the same as the existing metal boom, For this geometry and

for the magnitude of the loads involved, a sandwich type construction
proves to be most feasible. A skin-stringer-frame type of construction
requires close spacing of stringers and frames to maintain stability of

the structure; it therefore involves assembly of many pieces, thereby los-
ing the economic advantage of large-scdle molding techniques of fabrica-
tion. For a pure monocoque of simple laminated construction, the thickness
required for a panel stability for the cross sectional dimensions involved
makes the weight prohibitive.

The methods of determiing sandwich panel buckling allowables used in the
stress analysis for the tail boom study are presented in Forest Product
Laboratory Report No, 1867,"Compressive Buckling Curves for Simply Sup-
ported Sandwich Panels with Glass-Fabric-Laminate Facings and Honeycomb
Cores," Reference 56, Theoretical panel buckling data are shown in Figure
4, The curves show the predicted buckling stress for 22-inch and 3l-inch
wide panels versus panel thickness for various face thicknesses. The
horizontal lines represent the face buckling stresses for the various face
thicknesses, The panel sizes were used as being equivalent to the large
radius curved panels of the tail boom - the larger size for forward end
and the smaller size for aft sections. Since no test data were available
to substantiate the theoretical data, flat and curved sandwich panels of
various radii fabricated of several materials were tested. The results of
these tests substantiate the choice of materials and sizes for the HU-1
tail boom. A further discussion of the tests and detail results is in-
cluded in the Test Section.

The shear and bending moment curves for the loading conditions are shown
on Figure 5. Automatic computation was utilized to calculate the gection
properties and bending stresses for various face thicknesses. By compar-
ing these calculated stresses to the allowable panel buckling and face
crippling stresses, the appropriate combination of panel depth and face
thicknesses was determined.
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The required panel depth is based 01 8 HORIZONTAL M.
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simplifies the-forming process and BOOM STATION-INCHES
reduces the weight.
FIGURE 5. HU-T TAIL BOOM,

Three reinforced plastic configura- UL TIMATE SHEAR AND BENDING MOMENT
tions are suggested as representa-

tive of feasible ways in which the HU-1 tail boom can be fabricated.
Each is a variation of essentially the same structure but each has some
features that may prove to be advantageous in achieving the coptimum,

Configuration I, shown on Figure 6, is a one-piece structure that is
fabricated in its entirety on a male mandrel. Configurations II and III,
shown on Figures 7 amd 8, utilize the same type of structure but are
fabricated in two sections, Configuration II is split along the vertical
centerline and Configuration III is split along the horizontal plane of
maximum width, The fin can be fabricated along with the body section in
Configuration II, as shown in Figure 9. Although this is a potentially
feasible method of fabrication, it is believed that some problems will be
encountered in fitting a required fin spar between the two body-fin sec-
tions due to dimensional variations. This composite structure should be
evaluated for any similar tfew design., Integrally molding components
together aids in realizing the full potential benefits of reinforced
plastic structures. When reinforced plastics are given serious consid-
eration for a new design under development, the configuration can per-
haps be modified to accomplish maximum composite fabrication with
economy.

The metal boom of the HU-1 attaches to the forward body at four points.
To maintain this same four-point attachment in the reinforced plastic
boom, four fittings and local area reinforcements must be provided to
distribute the splice loads into the suandwich monocoque structure, In
a new application, it would be particularly advantageous to utilize a
continuous-type comnection at the splice.

An analysis of the requirements for detail attachments, for example,

attachments of the drive shaft bearing blocks to the boom, is not pre-
sented, However, some means of distributing the loads at these points
into the boom structure must be supplied. Possible ways of doing this
are indicated in the sketches. It could also be done by utilizing pre-
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formed sections, for example, channels or hat sections within the sand-
wich panel.

The existing metal tail boom of the HU-1 weighs 124.5 pounds (Reference
13, Bell Report No. 204-947-035). The basic skin and honeycomb struc-
ture of the plastic design weigh approximately 80 pounds. The differ-
ence of approximately 45 pounds is considered more than adequate to pro-
vide for such things as end closures, local reinforcements, drive shaft
cover, etc., making the reinforced plastic competitive with the metal
weight-wise in meeting strength requirements.

The bending natural frequency of the plastic boom is computed as 334
cycles per minute in a vertical plane and 281 cycles per minute in a
horizontal plane. The operating range for the mainr rotor is 280 to 315
r.p.m. Since there are no quantitative data available on damping of re-
inforced plastic materials, it is not known whether or not this is a
safe operating condition. With some sacrifice in weight, the natural
frequency could be increased as required. However, it is probably more
desirable to modify the geometry of the tail boom. By reducing the
cross-sectional dimensions, panel buckling allowable stresses would be
increased perhaps enough to accommodate the increased strasses resulting
from the section change. 1In this manner, it may be possible to reduce
the natural frequency sufficiently below the exciting frequency to pro-
vide an even more favorable condition.

Cost analysis of the reinforced plastic configuration is given in Table I.

TABLE I
COST ANALYSIS OF HU-1A TAIL BOOM

Unit Cost
Quantity of 10 Quantity of 100
Configuration I $ 6820 $ 2640
Configuration II 4915 1995
Configuration III 5940 2125

Federal Stock Catalog '"Spares' cost of the existing hardware is:
HU-1A Tail Boom $ 2890
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}-1—23 TATIL BOOM

The existing metal tail boom of the H-23 helicopter is a semimonocoque
aluminum structure, The overall geometry is unchanged for the rein-
forced plastic design study. Two types of structure are analyzed and
evaluated; the first type is a pure monocoque of sandwich construction
while the second is a pure monocoque of plain laminated construction.
Since the boom is of a circular cross section of relatively small
diameter, the plain laminated structure warrants consideration,

The loading condition used in the analysis consisted of a 5.25 g. verti-
cal load factor applied to an estimated weight distribution combined
with a 100-pound down load on the horizontal stabilizer and a 400-pound
tail rotor thrust load, The tail rotor thrust load is verified by Bell
Helicopter Corporation Report No. 47-030-018 (Reference 12), covering a
machine of similar size, "Basic Design Criteria Model 47E",

The method of analysis presented in Forest Products Laboratory Report
No. 1867 (Reference 56) is used for determining panel buckling allow-
ables for sandwich panels. Face crippling allowables were computed for
the HU-1 and are shown in Figure 4., The shear and bending curves for
the loading condition are shown on Figure 11,

The allowable buckling stresses for the solid laminate construction are
derived by formulation as outlined in MIL~HDBK~-17 (Reference 38). The
shear and bending loads for the solid laminate are basically the same as
for the sandwich construction, The effects of the small difference in
dead weight are negligible. Therefore, the curves as shown by Figure 11
are applicable.

Three configurations for sand-

I wich construction of the H-23 tail
16 ! boom are presented, Configuration
= 9 I is a one-piece sandwich as shown
=0l ol N\MOMENT in Figure 12, Configuration II,
% ;7_ in Figure 13, is a similar sand=-
- @ ISHEAR wich but split along the horizon-
Zz 76 tal centerline, An entirely
x5 e different concept of sandwich con-
Z 54 N struction is presented as Config-
3 T2 \ uration ITI (Figure 14). This
s bl \ utilizes an integrally woven three-
2 dimensional fluted core referred
i ‘\TN;:f—- to as "Raypan'", a trade name for
To) } the material recently developed by
50 100 I50 200 250 Raymond Development Industries,
BOOM STATION-INCHES Inc. Additional face plies of
cloth can be added to the core as
FIGURE 11. H-23 TAIL BOOM required, According to the manu-
ULTIMATE SHEAR & BENDING MOMENT facturer, it can be molded to con-

form to contour, It appears to be
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a feasible material for components of this type, but insufficient infor-
mation is available to accomplish adequate evaluation relative to other
materials, Sketches of a possible design using '"Raypan'" and assumed loads
for the H-23 tail boom were forwarded to Raymond Development Industries,
Inc,, for their comments on this application. They considered the appli-
cation tc be feasible and to cost relatively little to fabricate.

A one-piece solid laminate monocoque shell, Configuration IV, Figure 15,
is the most economical method of construction for a tail boom of this
type. A variation of the solid laminate shell is Configuration V, Fig-
ure 16, It is similar o Configuration IV except that the boom is split
on the horizontal centerline, formed in two parts, and spliced by bond-
ing and mechanical attachments, This permits forming in an open mold
with the mold surface being the external surface. By bonding the re-
inforcements for the torque tube mounts and tail skid in place after
modding the shell, the two halves become identical and .can be formed in
the same mold,

The weight of the sandwich type boom is approximately 20 pounds, while
the weight of the solid laminate boom is approximately 32 pounds. This
is compared to an estimated weight of the existing H-23 metal boom of

30 pounds. The maximum deflection of the sandwich type boom is 11.3
inches compared to 6.4 inches for the solid laminate. The natural bend-
ing frequency of the sandwich boom is 220 cycles per minute, while that
for the solid laminate is 302 cycles per minute. With the natural fre-
quency well below the minimum operating frequency and with the relatively
high damping inherent in reinforced plastic structure, the sandwich type
boom offers quite desirable characteristics. With some change of geom-
etry and a probable sacrifice in weight, a similar condition could be
accomplished with a solid laminate, However, if the damping is suffi-
cient, it may be unnecessary to avoid exciting frequencies.

Cost analysis of the reinforced plastic configurations is given in Table II.

TABLE 1I
COST ANALYSIS OF H-23 TAIL BOOM

Unit Cost

Quantity of 10 Quantity of 100

Configuration I $ 3160 $ 1330
Configuration IIL 2710 1445
Configuration III 475 395
Configuration IV 2510 850
Configuration V 2355 1150

Federal Stock Catalog '"Spares'" cost of the existing hardware is:
H-23 Tail Boom $ 3560
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METHOD OF MANUFACTURE

The HU-1 and the H-23 tail booms have similar configurations; that is,
both incorporate a tapered tubular design. The magnitude of the cross
section is greater for the HU-1; however, the manufacturing procedure

will be basically the same for both units,

The sandwich configurations for the HU-1 and H-23 tail boom and other
body components using this type of structure can be fabricated by a
single lay-up and cure, or a three-stage procedure., The three stages
will probably result in a sandwich having higher strength. The method
is described but is not recommended for these components because of the
higher cost relative to the advantages.

The faces are first laid up and precured in separate molds. The sides

of the faces to be bonded to the core are then lightly sanded and cleaned.
The faces, core, edge members, and local reinforcements are then placed
in position. An adhesive is used between the faces and core, The en-
tire assembly is then cured in an autoclave.

Additional work consists of finishing as required, trimming, some ma-
chining of mating surfaces for installation, and drilling holes for
attachments., The use of an adhesive adds same weight, but this three-
stage method results in a much stronger and more reliable sandwich than
fabricating the complete sandwich in one curing operation.

The single lay-up and cure method is considered to be the most feasible
for these components using sandwich. In this method, the outer face
plies, reinforcements, edge members, etc., the core, and the inner face
plies are laid up and the complete assembly is cured in an autoclave,
This method is less expensive and satisfactory results can be obtained,
as evidenced by the design analysis requirements and the test results,

Another method of fabrication that is feasible for this one-piece con-
figuration is filament winding., After the inner face is filament wounad,
the reinforcements, core, etc., are bonded in place similar to the

previous process, The outer face is then filament wound over the core.
This method of fabrication has been successfully used for sandwich cylin-
dérs. However, previous applications have been used in achieving minimum
weight, with strength being a secondary consideration. Strength data are
needed to evaluate this technique, It is believed that the method deserves
further consideration. It could conceivably be more economical due to
automation of the process.

The high strength of filament winding can also be utilized by the use of

a new filament orientated preimpregnated material in place of the type 181
cloth as used in this design study. The material was developed by Hercules
Powder Co. and is made by winding impregnated glass roving on a cylindrical
mandrel in a predetermined helix, The cylindrical structure thus produced
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is then slit axially, flattened and molded, or the material is B-staged
and used as any other preimpregnated material. The purpose of this
material is to combine the preorientation of filaments inherent in fila-
ment winding with the shape flexibility inherent in molding flat pre-
impregnated reinforced plastic. Additional data on this material can be
found in the section on filament winding.

The work necessary to form the core is dependent on the type of core used.
Glass reinforced plastic honeycomb can be heat formed. Shaping for these
applications would probably require a combination of machining and heat
forming. The use of reinforced plastic honeycomb core is not warranted
unless its special properties such as radar transparency are required.
Aluminum honeycomb can be obtained in the unexpanded form, machined to
the required taper, expanded and then formed to the required contour.

An easily formed core material such as NARMCO Multiwave would reduce

the forming time but would increase the machining time if this core is
tapered. It is also slightly heavier than the hexagon cell honeycomb.

A foam core would require premolding in sections. Of the several po-
tential cores, aluminum honeycomb is the most economical and appears to
have the greatest overall advantages,

The one-piece solid laminate construction as shown in Configuration IV,
Figure 15, for the H-23 helicopter may be fabricated by two basic me-
thods, with each method utilizing a male mandrel. A woven fabric is laid
up complete with local reinforcements and is cured in an autoclave, or

the complete boom can be filament wound. This type of component is ideally
suitable for filament winding. These methods of solid fabrications are by
far the most economical,

The two-piece constructions, as shown on Figures 7, 8, 13, and 16, are
fabricated utilizing an open-face mold. The methods of construction

are identical to the sandwich and solid lay-up procedures as outlined

for the one-piece article. However, since this method utilizes an open-
face mold, a vacuum bag or pressure bag, as well as the autoclave, may be
used for the required pressure to assure a structurally sound item,

Additional testing was required to verify some of the material character-
istics used in this study. Bending, compression and panel shear tests of
solid laminates and sandwich panels were made, Details of these tests are
included in another section of this report. The development of a full-
scale tail boom will require considerably more testing beyond the scope

of this program to determine the optimum design and fabrication technique.

The laboratory tests that were accomplished in this program indicate that

the necessary strength as determined by the analytical design studies can
be obtained,
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Considerable difficulty was experienced in bonding of the preimpregnated
polyester faces of all types of core material. A separate adhesive was
used and is necessary. Satisfactory bonds can be obtained using polyester,
but compatibility of materials and the cure cycle must be investigated.

Higher strength and a more consistent samdwich can be obtained with epoxy
resin than with polyester. Epoxy resin is an excellent adhesive and the
necessity of a separate adhesive is eliminated. The cost should there-
fore be lower, It is recommended that aircraft body structures be fab-
ricated using epoxy resin.

From consideration of strength alone, the plastic design can be com-
parable in weight and in many cases lighter than the metal design,
Generally speaking, for comparable strength designs, the plastic struc-
ture will be more flexible than metal. Statically, this difference in
flexibility is considered unimportant in most cases, Dynamically, the
relative merits depend upon the particular conditions, and further study
is required.

From consideration of fatigue, the combination of 181 cloth and epoxy
resin appears to have an advantage over the more common aluminum alloys.
Based on existing data, if one plots percentage of ultimate stress against
number of cycles to failure, the curve for this reinforced plastic will
be above that for aluminum. In addition to this, the normal fabrication
techniques for reinforced plastics provide a much more continuous struc-
ture; i.,e.,, fewer holes for attachments, discontinuities, etc., than is
possible in aluminum, Where discontinuities do occur in plastic, it is
easier to provide compensating reinforcement. This characteristic of
plastic design minimizes stress concentration, which is the primary cause
of fatigue failures,

Reinforced plastics offer a greater degree of internal damping than do
metals., However, there are no data available to permit a quantitative
evaluation of this characteristic. Appreciable testing, both specimen
and full scale, is required to determine the actual significance of this
increased damping.

EVALUATION

The configurations which have been studied in detail represent the most
promising of all the potential design and fabrication approaches which
have been investigated. 1In all cases, feasibility is indicated., De-
tailed analysis has been accomplished only in areas pertinent to a pre-
liminary evaluation of feasibility. Optimization of the reinforced
plastic designs to the degree that the comparable existing metal designs
have been optimized is not intended or justified.

HU-1A Configuration II, sandwich construction split along the vertical
centerline, indicates lowest cost, the quantity production cost being
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appreciably less than indicated cost of the conventional metal boom.
The integral boom and vertical fin seem to be the most significant fac-
ters in the lower fabrication cost achieved in this configuration,

All reinforced plastic H-23 configurations show very significantly lower
cost than the existing metal boom. An inconsistency apparently exists
between the Federal Catalog prices for the HU-1A and H-23,

Under any circumstances, it appears that reinforced plastic tail booms
are very promising applications from a cost standpoint,

Advantages

Generally better strength to weight ratio,

Better fatigue characteristics.

Superior damping qualities,

Can proof test to higher loads without damage to structure.
. Greater durability.

. Probable lower cost.

oL pwNh =

Disadvantages

1. Less design and fabrication knowledge available,
2. More difficult process control,
3. Less reliable inspection techniques.

RECOMMENDATIONS

It is recommended that development of a typical or specific reinforced
plastic tail boom be accomplished in accordance with the following se-
quence:
1. Perform a complete design and analysis for a reinforced plastic
tail boom for a specific application supplemented by laboratory
testing as required.

2. Fabricate one or more test articles maintaining detailed
records for cost analysis.

3. Perform static and dynamic tests on the completed article,
4, Make evaluations and design changes as indicated by tests.

5. Fabricate and install tail boom on a flight vehicle for evalu-
ation,

6. Make a comparative analysis of the reinforced plastic and metal
boom designs.
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LANDING GEAR DESIGN STUDY

The landing gear on most Army aircraft employ an oleo or a cantilever

beam spring shock absorber. 'The cantilever beam spring is particularly
suitable for utilizing the unique properties of glass reinforced plastic.
This type is used on fixed wing aircraft and on helicopters, This study

is concentrated on this type and considers two basic cantilever beam spring
landing gear struts, These are the helicopter skid gear and the light
fixed wing aircraft fixed strut wheel type gear. These two landing gears
are considered separately because of the diiferent approach in applying

the spring principle in the design of the gear.

Glass reinforced plastics are excellent energy absorbers. They dissipate
energy faster than metals; therefore, vibrations damp out quickly and
smoothly. The energy absorbing capacity of unidirectionally reinforced
plastic is more than twice that of steel., The high energy absorbing
ability of these materials results from their high usable strength and low
Young's modulus.

The use of reinforced plastics in energy absorbing applications, such as
flat springs in industrial machinery, is becoming significant. Kaman
Aircraft Corprration has fabricated a rear spring for the Chevy II auto-
mobile from unidirectional fabric with a 60 percent weight reduction over
the existing steel spring. Very few applications for aircraft landing gear
are known. Malmo Flygindustri of Sweden has developed a cantilevered
filament wound fiberglass landing gear strut for their MFI-10 STOL aircraft
(Reference 1), Full scale tests have been very successful. The fiberglass
strut gives a smoother ride than the regular gear and induces noise. The
weight is somewhat lighter than the metal gear. A new prototype aircraft
for commercial use built by Bede Aircraft uses a landing gear strut fabri-
cated from unidirectional glass fabric. It is also reported that Piper
Aircraft is using a fiberglass strut on their all-plastic aircraft currently
under development, but no information is availgble.

Some work has been accomplished in Germany on two applications of rein-
forced plastics in landing gears and is reported in Reference 73. One
type considers the use of fiberglass wound case for a conventional oleo
strut. Figure 17 shows a comparison of steel and fiberglass reinforced
plastic as liquid spring case material. Fiberglass reinforced plastics
appear to have considerable advantage over steel in this application.

A second type of plastic spring for a light aircraft landing gear proposed

by Hanle (Reference 73) uses filament wound rings loaded in tension. The
spring consists of a series of double conical inner rings of steel and outer
rings consisting of middle-hard polyamide bodies on which the resin im-
pregnated glass rovings were wound under prestress, Figure 18. This type

of spring uses the reinforced plastic most efficiently in tension. When

a compressive load is applied to the spring, the steel ring is forced into

the polyamide ring. The filament wound ring carries the load primarily in
hoop tension and absorbs energy in expanding. The reference states that a
strut using this type of spring has been used successfully on a light aircraft.
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HELICOPTER SKID LANDING GEAR

The skid type landing gear is used on many Army helicopters of the light
observation and utility classes and is to be used on the LOH aircraft
currently under development. In the simplest form, it is composed of

two primary elements =—the skids and two energy absorbing cross tubes.

The cross tubes are attached to the fuselage structure, usually at four
attach points, in such a way that they are not restrained in torsion. Loads
Loads which would cause torsion if the cross tubes were so constrained

are taken out as bending mements in the skids and cross tubes; hence, the
rigidity of this type of skid gear is not dependent upon the fuselage structure.
This study is confined to the use of reinforced plastics in the shock ab-
sorbing components of this type gear.

The design criteria for skid gear are relatively meager; however, general
landing gear criteria which are considered.applicable to this study are
contained in Reference 7, ARDC Manual 80-1, Reference 3, ANC-2 Bulletin,
Reference 50, MIL-S-8698, and Reference 70, WADC TR 58-336.

The requirements specify that the gear shall not yield when subjected to
limit landing loads nor fail when subjected to ultimate landing loads
(Reference 50). The requirement pertaining to the limit landing condi-
tions is not generally complied with in practice. Current design practice
is to permit the cross tubes to yield well below the limit landing loads,
hence absorbing a large portion of the landing energy by plastic deforma-
tion. This design approach is based on the supposition that replacement
of badly deformed cross tubes is acceptable to the user in lieu of the
decreased helicopter performance associated with heavier "elastic" gear.
The practice has been approved by the CAA for civilian helicopters
(Reference 70). However, no military specification has specifically
approved the practice to date, The '"yielding" type gear has apparently,
been fairly satisfactory in practice albeit it has disadvantages.

The ultimate strength of helicopter landing gears is specified by two
requirements in Reference 50, as follows:

1. The structure shall support, without failure, ultimate loads
resulting from loading conditions incorporating an ultimate
factor of safety of 1.5.

2. During the reserve energy drop test demonstration, failure of
the structure shall not occur at a vertical descent velocity
equal to the limit vertical descent velocity times the square
root of 1,5,

Requirement (1) above is specified as a factor of safety for the entire
aircraft and, therefore, would ordinarily be interpreted as a requirement
for the landing gear. Requirement (2) is less critical and is an ultimate !
requirement for the landing gear in particular. However, since it is a

demonstration test requirement, it does not necessarily conflict with the

1.5 design factor. Nevertheless, authoritative interpretation indicates
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that the factor of safety of 1.5 does not apply to the landing gear
mechanism and that the reserve energy regquirement is appropriate for design
(Reference 70).

In order to provide a basis for comparative evaluation of reinforced
plastics and conventional design, two existing aircraft configurations
were selected for study. The Bell Model 47, which is similar to the

Army H-13, represents the smaller aircraft in the light observation

class. The Model 47 was selected because more detailed information was
available. The HU-1 represents the larger utility class helicopters.

These landing gears are constructed of round tubing for the shock absorbing
members and skids.

The primary stresses in the cross members result from longitudinal loads;
therefore, the reinforcement fiber orientation should be longitudinal in
order to develop maximum bending strength to resist the applied loads.
This can be accomplished by filament winding. The feasibility of this
process is dependent upon the 'geometry of the component. This analysis
is based on the use of a unidirectional fabric such as "Scothply",
manufactured by Minnesota Mining and Manufacturing Company. This is a
unidirectional nonwoven fabric preimpregndted with epoxy resin and is
considered to be representative of the available high-strength materials,
New materials having higher strength and moduli are under development
and can be used to optimize future designs.

The mechanical properties of '"Scotchply'" Type 1002 for a stress angle of
00 as given in Reference 54 are summarized in Table 3.

TABLE 3
MECHANICAL PROPERTIES OF "SCOTCHPLY" TYPE 1002
Dry - 700F%* Dry - 1600F%*

Property (1bs/in2) (lbs/in2)

Fy 110,000 102,000

Es 80,000 57,500

Fy 130,000 106,000

E 5.5 x 10° .
% The wet strength retention factor = .86

The structural design criteria used in this investigation are summarized
in Table 5. These criteria are based on Reference 50, As shown in

Table 5, the design criteria used for the Bell Model 47, Reference 14,
deviate from Reference 50. At the risk of complicating the comparison

of the reinforced plastic and conventional gear, the design criteria of
Reference 0 are adhered to in this study. An investigation of the
criteria specified in MIL-S-8698 is reported in Reference 70. This report
indicates that the requirements may be conservative. However, there are
no known military authorized deviations.
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Two basic methods of reinforced plastic construction were investigated
for the landing gear shock absorbing components for both the Bell Model
H-47 and the HU-1. These were solid laminates and sandwich construction.
The method of analysis for each is similar. The designs investigated
are shown in Figures 19, 20, 21 and 22,

- Laminates for these components should be molded at moderate to high pressure.

Matched metal molds are the most desirable if the quantity justifies the
cost. For experimental and low quantity production, a female metal mold
and pressure bags could be used. Some experimentation would be necessary
to develop the molding technique and cure cycles for the thick sections,
It may require lay-up and cure by successive steps; however, Kaman, in

fabricating the automobile spring, had no trouble molding the thick section
in one step.

The faces of the sandwich configuration should be premolded and bonded

to the core by-a separate operation. The local reinforcements required
for attachments would also be premolded parts.

Additional strength and durability can be obtained by wrapping both types

of struts with a single layer of woven cloth after other operations are
completed.

The cost analysis for the shock absorbing members for the various rein-
forced plastic configurations is summarized in Table 4.

TABLE 4
COST COMPARISON OF HELICOPTER LANDING GEAR
Unit Cost
Configuration Quantity of 10 Quantity of 100
Model 47, Solid Laminate $1070 $615
Model 47, Sandwich 980 570
HU-1A, Solid Laminate 1105 650
HU-1A, Sandwich 1015 550

For approximate comparison, the spares cost of existing components as
listed in the Federal Stock Catalog are as follows:

H-23 $215
H-13 95
HU-1A 105

This apparent cost disadvantage for reinforced plastics cannot be taken

at face value. The cost of the reinforced plastic design is considered

to be conservative because of the necessary development required to optimize
the first product. The costs of the present spares as listed in the Federal
Stock Catalog are believed to be unrealistically low.
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Evaluation

The most popular helicopter skid gear currently in use is the "yielding"
type constructed of aluminum tubing. The ''yielding" gear absorbs a large
portion of the ultimate landing condition energy by plastic deformation
(approximately 80 percent of the total energy). The "yielding" gear has
the following advantages over eleastic gear constructed of aluminum tubing:

1. The gear is much lighter, hence incurring less weight penalty
and improving helicopter performance.

2. The landing loads are reduced appreciably, thus affording
greater protection to the aircraft structure and the occupants.

However, this type of gear also had disadvantages:

1. "Yielding" gear design requires the replacement of the energy
absorbing portion of the gear after "hard' landings, due to
permanent deformation.

2. The majority of tubular constructed landing gears contain l
numerous intersections resulting in inordinate parasite drag.

To state that fiberglass reinforced plastic skid gear retains the
advantages of 'yielding" tubular aluminum gear while eliminating the
disadvantages would be an oversimplification; however, the statement is
approximately true.

The design criteria, deflections, maximum load factors, and weights of
the present metal gear and the reinforced plastic designs are summarized
in Table 5.

The requirements of Reference 50 are generally found to be conservative

as pointed out by Reference 70. Actual measurements on existing utility
helicopters show that the maximum sinking speed is usually less than 5

feet per second and that rotor lift varies from 80 to 90 percent of the

normal gross weight (Reference 70), Figure 23 shows that the landing

gear load factor for sinking speeds in the range of 0 to 6 feet per

second 1is appreciably lower for reinforced plastic gear compared to '"yielding"
aluminum gear. At higher sinking speeds, the reinforced plastic gear,

being elastic, will develop aircraft load factors that exceed the maximum

landing gear load factor of the aluminum gear; however, the aircraft

structural ultimate load factor is not exceeded. This really constitutes

an advantage for the reinforced plastic gear since the greatest damage to 2
aircraft structure and equipment is attributed to repeated loads encoun- |
tered in normal operation (which are lower with reinforced plastic gear)

than upon an occasional high loading (Reference 70). The maximum ultimate e
load factor developed by the reinforced plastic gears is greater than for

the yielding metal gear (Table 5), but is still less than the structural

design load factor. Although the load factors are slightly higher, the

energy from a "hard" landing can be absorbed without failure of the land-

ing gear components. 68 4
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The design philosophy of metal skid gear assumes that replacement of the
energy absorbing gross members is acceptable to the helicopter user.
Replacement of a badly deformed cross member in Army field operation may mnot
be practical. At any rate, this constitutes a logistics problem and an
additional item for inspection and maintenance., The reinforced plastic

gear incurring only elastic deformations will ordinarily not require re-
placement,

The HU-1 skid gear accounts for approximately 32 percent of the total
parasite drag (Reference 14). On a cleaned-up helicopter design analyzed
in Reference 23, the conventional skid gear accounted for 50 percent of
the total parasite drag, as shown in Figure 24, This reference showed

that the gear parasite drag could be reduced to one-third the original
value by:

1. Providing a streamlined section.

2. Reducing the number of intersections (making the cross members
in one piece).

3. Designing all remaining intersections to intersect at right
angles (eliminating oblique angles).

All these requirements arxre compatible with existing reinforced plastic
fabrication techniques; hence, reinforced plastic design offers a con-
venient way of improving aerodynamic efficiency of advanced helicopter
designs. For high-performance VIOL aircraft employing skid type gear,
these improvements are almost mandatory.

The weights of the reinforced plastic struts are considered to be com-
petitive with the metal designs. Mechanical properties used in the study
are considered to be conservative. Although the weight computed for the
fiberglass design for the HU-1l is greater than the metal components, it

is believed that this weight disadvantage can be removed with an optimized
design based on less conservative mechanical properties and a test eval-
uation, Newer high-strength glass reinforced plastics presently under
development will reduce the weight significantly.

The advantages and disadvantages of reinforced plastic helicoprter skid
landing gears are summarized:

Advantages

1. A glass reinforced landing gear has a higher energy absorbing
ability than steel and aluminum alloys commonly used for the
shock absorbing components.

2. The landing load factors are lower for normal rates of descent.

3. There is less wear and tear on aircraft structure and equipment
because of lower loads.
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4., It is more comfortable for aircraft occupants,

5. It is capable of reacting loads from '"‘hard" landings without
failure.

6. The necessity of replacing the energy absorbing member after a
"hard" landing is eliminated. (A metal member that yields due
to excessive load required replacement).

7. It improves helicopter performanc% through less drag. Fabrication
methods are adaptable to developing streamlined componentg with
fewer intersections.

8. There is potential lower overall cost by eliminating the replace-
ment of yielding type metal parts.

Disadvantages

1. Potential higher weight - the weight differential shown in this
analysis can be substantially reduced or eliminated by careful
design and fabrication optimizatipn,

2, Higher initial cost.

Conclusions

1.

Glass reinforced plastics are ideally suited to energy absorbing
applications such as helicopter sk.l landing gears.

Design and fabrication cf reinforted plastic landing gears are
feasible within the current state of the art.

Reinforced plastic skid type gears are competitive weight-wise
and cost-wise with conventional metal gears - assuming further

optimization of the plastic design and processes.

Many advantages accrue to the reinforced plastic gear as noted
in the "Evaluation" with no significant disadvantages.
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L-15 LANDING GEAR STRUT

The landing gear of the Army L-19 aircraft was chosen for study because

it is considered to be representative of current and contemplated light fixed
wing Army aircraft using a nonretractable landing gear. Conclusions re-
sulting from a study of the feasibility of using reinforced plastics for

the shock absorbing components of the L-19 landing gear will also be appli-
cable to helicopters using similar type gears.

A glass reinforced plastic strut for an aircraft similar in size and
weight to the L-19 has been successfully drop and flight tested by Malmo
Flygindustri of Sweden (Reference 1). This strut is based on their
MFI-10 Vipan aircraft weighing approximately 2590 pounds. The ,weight of
the L-19 is 2400 pounds. Glass roving reinforced polyester resin was

used for the first prototype. Epoxy will be used for future components.
The manufacturer reports that highly satisfactory performance has resulted
from tests. He also reports that landing and taxiing load factors are
reduced, resulting in a smoother ride with less vibration transmitted to
the aircraft.

The main landing gear strut used on the L-19 aircraft is typical of the
cantilever beam spring method of absorbing landing shock incorporated on
some Army aircraft. Each main gear strut (one left-hand and one right-
hand) is a single piece of chrome-vanadium steel heat-treated to 240,009
psi ultimate tensile strength. The strut is 0.7 inch thick throughout
its length; the width tapers from 6.0 inches at the upper end to 1.5
inches at the axle. The upper end of each strut is bolted to the lower
portion of the fuselage landing gear bulkhead assembly. A cantilevered
axle is bolted directly to the lower end of the strut,

U. S. Government Bulletin ANC-2, '"Ground Loads'", Reference 3, establishes
the minimum structural design requirements for all aircraft. A review of
this document indicates that the "Two Wheel Level Landing Condition" is
probably the critical condition for design of the L-19 landing gear.
Bulletin ANC-2 specifies that the vertical reactions at the ground shall
be those resulting from the design landing speeds and sinking speeds.
Since these values are not known for this aircraft, an aircraft load
factor of 2.6 (applied) is chosen as the maximum load factor required.
This choice is based on design experience and the computed strength of the
existing gear. With the load factor known, the maximum ground vertical
reaction may be determined from Civil Air Regulations, Part 3, Paragraph
3.234 (Reference 21).

P = ¥Wg (n-L)
Wge
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where: p = ground vertical reaction
Wg = aircraft gross weight = 2400 pounds
L = wing lift assumed acting during landing, not to exceed

2/3 Wg = 1600 pounds

n = aircraft load factor
substituting:
p = 1200 n - 800
and for a load factor of 2.6, _
p = 2320 pounds limit or 3480 pounds ultimate.

In order to make a direct comparison of the performance which can be
expected from a reinforced plastic landing gear strut versus the existing
steel strut, an approximate design for a reinforced plastic strut has been
worked out. This is not intended to be a finished, optimum design, but is
develcped only far enough to illustrate the advantages and disadvantages.

In designing the reinforced plastic landing gear strut, the basic geometry
of the existing gear is retained. The reinforced plastic struts attach

to the original fitting at the fuselage, and the wheels are in the same
position for both configurations when the aircraft is resting on the
ground., In addition, provisons are made for bolting the original axle
assembly to the new strut. These requirements fix the end positions of
the strut. A parabolic curve is selected as the shape of the new strut
rather than the straight line form used on the steel. This is done to
avoid the sudden change in slope at each end, which is undesirable in
reinforced plastics. See Figure 25.

The cross section of the reinforced plastic strut is arbitrarily estab-
lished as arectamgle with the width tapering from 6.0 inches to 2.0
inches. The thickness used is that thickness necessary to provide' the
required strength under the design loads. The basic Fg = MC/I formula
is used in computing the thickness required. Substituting 253 for I and
t for C, the formula becomes; 12

2
thickness = t = \,-(F-Mi;

where Fp is the desired maximum working stress, taken as 85,000 psi in
this case. This is a conservative value for design allowable strength
of glass reinforced plastics. It can be easily obtained with present

unidirectional fabric or roving laminated with epoxy resins.
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Then t = = g
T4150b

The primary function of the landing gear obviously is to react the land-
ing and other ground loads with the least amount of shock transferred to
the airplane structure. The relative shock absorbing ability of two
landing gear struts made from different materials may be illustrated by
curves depicting the airplane load factor, n, versus the sinking speed,
Vy, of the aircraft. Data for these curves are computed below.

As a first step in determining the performance of the struts, deflections
are computed. The Moment Area Method is used to compute these deflections.
The M/EI values are computed for the design loading and are plotted as
Figure 26.

The deflection at the end of each strut is then determined by integrating
the area under the M/EI curve. Results are as follows:

Deflection at end of steel strut at design load = 8.65 inches.
Deflection at end of reinforced plastic strut at design load = 14.97
inches.

The curve of Figure 27, showing deflection versus load factor, is then
plotted. Deflection is assumed to be proportional to the ground reaction
P, applied at the end of the strut. It should be noted that the simpli-
fying assumption is made that the moment arm on the beam is constant
throughout the loading range. This is not true because the end of the
strut will move in an arc, but the effect will be similar on both struts
and is, therefore, ignored in this study. The ground reaction, P, is
related to airplane load factor, n, by the previously stated formula,

P = 1200n - 800.

The relationship between the deflection of the strut and the sinking speed,
Vy, of the aircraft may be established by equating the kinetic energy of
the aircraft as it contacts the ground to the potential energy of the de-
flected strut.

1%}
SV g - pa=I

Substituting Wg = 2400 pounds; g = 32.2 ft/sec.; L = Z%g =A1600,
the energy becomes: 18.63V2 = 2%— - 400d
For given values of load factor, n, the velocities, Vy, are obtained using

the previously computed relationship between n, p, and d. These values .
are plotted on Figure 28.

Estimates of the weights of the reinforced plastic landing gear strut and
of the steel strut show a marked advantage for the reinforced plastic.
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The estimated weight of the plastic strut is 16 pounds; that of the steel
strut is 36 pounds, This is a weight saving of 20 pounds per strut, or
40 pounds per aircraft,

Evaluation

This study has indicated that glass reinforced plastics are feasible
material for landing gear struts of the fixed cantilever type. The high
strength to weight ratio, good fatigue characteristics and low notch
sensitivity make them ideally suited for this application. The steel sin-
gle leaf spring type of landing gear strut chosen for comparison is simple,
lightweight and economical. The strength characteristics of the glass
reinforced plastic are such that a strut comparable in strength can be de-
signed for less weight. The curves shown in Figure 27 show that for a
given load factor, the deflection of the fiberglass strut is greater than
for the metal strut, Figure 28 shows that for a given sinking speed, the
developed aircraft load factor is

less for the fiberglass strut than

for the metal strut, As an example,

at a sinking speed of 6 ft./sec., the 4
aircraft load factor developed. by
this steel strut is 2,75, For the
same rate of descent, a similar
glass reinforced plastic strut would
develop an aircraft load factor of
2,35, Obviously, this will result
in less wear and tear on aircraft
structure, equipment, and personnel
and more comfort for personnel for
landing and .taxiing operations,

W

Vi pl

STEELH d
<__REINF(>RCED
PLASTJC

LOAD FACTOR - N

The fabrication process for this

strut is the same as for the struts 0
for the helicopter previously dis- 0] 4 8 12 4
cussed, It should be molded at SINKING SPEED- Vy (FT./SEC)
moderate to high pressure. Matched

metal molds will result in the most

satisfactory part if the quantity jus-

tifies the increased cost. A female

mold with pressure applied with pres- FIGURE 28. LOAD FACTOR VS. SINKING
sure bags will result in satisfactory SPEED FOR L-19 AIRCRAFT
experimental components and low quan-

tity production,

Filament winding is another feasible method of fabrication, The geometry
and cross section would have to be such that the design would be compatible
with the process,

The estimated cost for the reinforced plastic strut is $515.00 per unit
for a quantity of 10 and $215.00 for a quantity of 100, Per aircraft,
cost is twice the figure quoted., The spares cost of the existing metal
strut from the Federal Stock Catalog.is $45.,00 per unit, or $90.00 per
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aircraft, This cost comparison is considered to be favorable for reinforced

plastics in view of the relative development status of the two types of
material,

It is concluded that glass reinforced plastics are feasible materials for
cantilevered type landing gear struts for light fixed wing aircraft and

other similar applications. The following advantages and disadvantages
are summarized, '

Advantages
1. Lower aircraft landing load factors for a given sinking speed.
2, Lighter weight strut for a given wheel load.

3. Better shock and vibration damping characteristics, allowing
smoother landing and taxiing.

4. Manufacturing methods more adaptable to forming streamlined
shapes for increased aerodynamic efficiency.

Disadvantage
Slightly higher initial cost.

Recommendations

It is recommended that development of the reinforced plastic landing gear
strut for a specific fixedwing aircraft and/or a helicopter be initiated
as expeditiously as practical, to include the following:

1. Make additional analytical studies aimed at sandwich type con-
struction as well as solid laminates and new materials with

higher strength to develop a design for a landing gear strut for
a particular aircraft.

2. Accumulate data on design and service experience with gear of
this type now in use. This has not been possible in this pro-
gram to date.

3. Accomplish strength and fatigue testing of specimens of beams
using construction methods decided upon through analytical
studies.

4, Fabricate full-scale components and accomplish strength and
fatigue tests.

5. Install reinforced plastic landing gear on aircraft and
accomplish drop, flight, and service tests.

80




POWER TRANSMISSION SHAFT DESIGN STUDY

There are several applications in aircraft where torque tubes or shafts
are used to transmit power. These include torque tubes for control sys-
tems and drive shafts for rotors and propellers, This study is directed
primarily at shafts operating at high speed to determine if reinforced
plastics offer any advantages over conventional metal shafts operating
at ahove critical speeds,

The basic, current and foreseeable future design concepts of helicopters
utiliize a torque tube or shaft to transmit power from the power package

to the rotor blade assemblies, These power transmitting shafts are typical
of any conventional torque-carrying shaft and have two basic characteristics.
First, the applied load is an unsteady load with high frequency oscillations
about a mean value; second, they rotate at relatively high speeds. These
requirements are of the nature that, due to the inherent quality of energy
absorption of reinforced plastics, it is justifiable to consider their use
for the fabrication of power transmission shafts,

The general requirements for power transmission shafts in aircraft were
used as a basis for this study. These requirements are outlined in
References 7, and 47.

Paramount in establishing shaft design is the consideration of fatigue.
Torsional vibrations are always present to a greater or lesser degree in
all rotating systems, since even the smoothest source generates power in
pulses. Since sources of vibrations are always present, the dynamic re-
sponse of a transmission system to exciting forces must always be investi-
gated if the transmission system is to be considered adequately designed.
The dynamic response depends primarily upon the ratio of the exciting
frequency to the natural frequency of the shaft and attached masses as
well as the severity of the disturbing torque and the damping energy
available in the system. In order to avoid undue magnification, the
system must be designed so that the natural frequencies avoid as much as
possible the major exciting frequencies. This is accomplished by varying
the shape and size of the shaft, attached masses and method of support.

High-speed rotation is also of paramount importance and has its primary
effect on bearings and supporting structure. All rotating systems have
some imbalance. Centrifugal forces produced by this imbalance will
eventually induce vibrations which may be transmitted to stationary parts.
To keep vibration from exceeding safe levels, operating speeds near the
critical-speed range for the system must be avoided. It is desirable
that the critical speed be above the maximum operating speed. However,
in many cases it is impractical to design for such a condition. Under
this condition, the critical speed is established well below the minimum
operating speed so that the critical speed is passed through in arriving
at the operating speed. The following discussion of the critical speed
of shafts is included as a basis for evaluation of the effect of material
properties on this phenomenon.
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In order to simplify the discussion and analysis, the configuration con-
sidered is one of a slender shaft with a circular disc at the center of
the length. Although this assumed configuration is not sufficient for
the analysis of a particuldr shaft with a distributed mass, it provides
a simple means of studying the phencmienon under consideration.

At shaft rotation speeds up to
the critical speed, the shaft
deflects as indicated in Fig-

SHAFT ure 29. The equilibrium equa-
tion is:
2
I W(x+e)w =kx

where
__4 " CG " e

Il

weight of disc, 1b.

l

bt sk T E
|
—

g = acceleration of gravity,
in. /sec.
FIGURE 29. CRITICAL SHAFT x = deflection, in.

SPEED SCHEMATIC

e = eccentricity, in.

w = speed of rotation of shaft,
rad. /sec.

k = spring constant, lb./in.
Solving for the displacement we have

e

= e
2 -1

Denoting the natural frequency of the system by

2 _ kg
P =9
then
x = _IJE__.
)RR |
w2

It is seen that as the rotational frequency, , approaches the natural
frequency, p, the displacement, x, increases rapidly. The critical
speed occurs when the two frequencies become equal.
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At rotational speeds above the critical speed, experiment shows that the
center of gravity is situated between the axis of rotation and the de-
flected axis of the shaft as indicated in Figure 29, so that the equili-
brium equations becomes

W 2

X - e)w = kx
s ( )
or
o N e = e
1 - ka 1 - 23_
w 2 W u12

With increasing speed, w, the deflection, x, becomes smaller.

From these formulations, it can be seen that a smaller eccentricity, e,
will result in a slower build up of displacement, x, below the critical
speed and a more rapid decline of x above the critical speed; but it
would have no effect for prolonged operation at the critical speed. The
natural frequency defines the speed at which the critical speed occurs.

For rotational speeds at or below the critical speed, damping has no
effect except to damp out disturbances to the stable condition formu-
lated above. However, at speeds above the critical speed, damping due

to hysteresis can, following a disturbance, maintain a condition where
the plane of the deflected shaft is rotating at critical speed while the
shaft itself is rotating at a greater speed. This condition, known as
whirling, is maintained as a result of the fact that the axis ef zero
stress does not coincide with the axis of zero strain within a given
cross section of the deflected shaft. This condition is, in turn, a
result of the fact that due to hysteresis the stress-strain relationship
in going from a compressive stress to a tension stress is not the 'same as
the relationship in the reversed condition. Under these conditions, an
unlimited increase in deflection of the shaft can occur at shaft rota-
tional speeds above the critical speed. For a further discussion of

this phenomenon, refer to Timoshenko's Vibration Problems in Engineering.

As a result of the foregoing analysis, the following conclusions can be
made relative to the use of reinforced plastics in power transmission
shafts.

1. The increased damping of reinforced plastics as compared to

aluminum will result in the occurrence of whirling over a
broader range of shaft speed.
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2. The lower stiffness to weight ratio of plastics results in lower
natural frequencies and, therefore, lower critical speeds. How-~
ever, the amplitude and resulting stresses are a function of the
ratio of the critical speed to shaft speed and not critical
speed alone. Therefore, assuming a proper design with the opera-
ting speed sufficiently remote from the critical speed, the
actual value of the critical speed does not significantly af-
fect shaft life. J

Experience has shown that the primary consideration in the design of a
power transmission shaft is fatigue life. Therefore, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>